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Abstract 
 
Australian fruitspotting bugs, Amblypelta nitida Stål and A. lutescens lutescens Distant (Hemiptera: 
Coreidae), are major economic pests of macadamia nuts in Australia. They are also pests of 
approximately a dozen other tropical and subtropical horticultural crops, and minor pests of many 
more. They are endemic to the east and northern coastal regions of Australia and as such are 
distributed across the entire growing region of Australia’s macadamia industry. Although the 
industry is reliant on synthetic pesticides for several major pests and diseases, including 
fruitspotting bugs, biological control of a major pest, the macadamia nutborer, Cryptophlebia 
ombrodelta Lower (Lepidoptera: Tortricidae), has been successful and is widely adopted. This 
success has set a precedent within the macadamia industry and provided incentive for research and 
development of other biological control agents for other important pests. In the early 1990s, a 
hymenopteran egg parasitoid, Anastatus sp. (Eupelmidae), was identified as having potential as a 
biological control agent for fruitspotting bugs in Australia, and in 2010, mass rearing began. No 
formal studies on Anastatus sp., apart from initial releases conducted after its discovery, had been 
done prior to this thesis. 
 
A study on the potential for conservation biological control of fruitspotting bugs in macadamia 
orchards using habitat management was conducted over two years in northern New South Wales. 
Traditionally, trees in macadamia orchards are spaced such that the orchard canopy closes over 
when the trees reach maturity, shading out any existing ground-cover vegetation. In recent years, 
macadamia growers have been encouraged to adopt wider spacing and/or pruning techniques to 
increase light into their orchards for improved tree health and nut production. In this situation, 
common practice is to grow the shade-tolerant sweet smother grass in the mid-row; this provides 
ground-cover but does not increase floral diversity. In this study, open mid-row canopies, with 
resident, weedy, flowering mid-row ground-cover vegetation, were compared to closed mid-row 
canopies with no ground-cover vegetation in terms of a) pest and beneficial invertebrate abundance, 
b) predation levels of sentinel A. nitida eggs and c) levels of nut damage by A. nitida. The results 
showed a stark contrast between ‘light’ and ‘dark’ orchards; open canopy orchards (‘light’ 
orchards) harboured a significantly higher abundance of beneficial invertebrates than denser canopy 
orchards (‘dark’ orchards), whereas in ‘dark’ orchards the abundance of a major pest, the 
macadamia lace bug, Ulonemia concava Drake (Hemiptera: Tingidae), was significantly higher. 
Not a single fruitspotting bug was sampled during this experiment; however, damage levels to nuts 
were significantly lower in ‘light’ orchards compared to ‘dark’ orchards. Levels of predation on 
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sentinel A. nitida eggs were variable and did not show any clear pattern that could be attributed to 
orchard management type.   
 
Macadamia growers need information on when to implement control strategies to most effectively 
target fruitspotting bug populations throughout the macadamia season. The effect of temperature on 
the development and survival of A. nitida and A. l. lutescens at six constant rearing temperatures 
(10-35°C) was investigated. A. nitida and A. l. lutescens completed development from egg to adult 
at only 20, 25 and 30°C, with respective mean development times of 86.7, 63.5 and 29.4 days for A. 
nitida and 92.5, 64.7 and 30.8 days for A. l. lutescens. Lower developmental threshold temperatures 
and estimated number of degree-days for egg development above this threshold were 11.3°C and 
420.2 degree-days for A. nitida and 14.1°C and 403.2 degree-days for A. l. lutescens. Similarly, no 
previous studies have investigated the biology of Anastatus sp. when developing in A. nitida eggs; 
understanding the effects of temperature on the development and mortality of Anastatus sp. is 
fundamental for mass rearing and release programs for control of Amblypelta spp. The effect of 
temperature on the development and survival of Anastatus sp. reared in A. nitida eggs at six 
constant temperatures (17.5-30°C) was investigated. Anastatus sp. was able to complete 
development at all six study temperatures with development times decreasing from 53.6 to 16.2 
days at 17.5 through to 30°C. The lower developmental threshold temperature for Anastatus sp. was 
15.0°C and the number of degree-days for pre-imaginal development above this threshold was 
estimated as 233.7.   
 
In two field release experiments, the dispersal ability and level of parasitism by Anastatus sp. to 
sentinel eggs, with or without the presence of adult A. l. lutescens, was investigated. In both trials, 
parasitism of sentinel eggs was found in trees furthest from the release points; in a central row 
release trial this was 60m from the nearest release point. In a central point release trial, parasitism 
levels decreased with increasing distance from the release point; 10 m from the release point was 
the only distance at which sentinel eggs with a presence of adult A. l. lutescens were more attractive 
to Anastatus sp. than sentinel eggs without adult A. l. lutescens.  
 
The prospect of adopting habitat management to improve biological control of fruitspotting bug in 
macadamia orchards and the possibility of integrating this approach with strategic releases of 
Anastatus sp. is discussed.  
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Chapter 1: General introduction: The Australian macadamia industry, the phenology of 
macadamia trees and an introduction to each thesis chapter 
 
Macadamia trees 
Macadamia trees are perennial evergreens and indigenous to the subtropical rainforests of 
northeastern Australia. Modern commercial varieties are hybrids of Macadamia integrifolia Maiden 
and Betchie and M. tetraphylla L.A.S. Johnson, (Proteaceae). The first commercial orchard in 
Australia was planted sometime in the late 1870s or 1880s in Rous Mill, northern New South 
Wales; however, Hawaii was the first country to produce macadamia nuts on a large scale. A sugar 
company in Hawaii became the largest grower of macadamias in the world after initially planting 
macadamias as part of a reforestation program before they realised their potential as a commercial 
product (McConachie 1980). It wasn’t until the late 1900s that Australia surpassed Hawaii in terms 
of macadamia production (Wagner-Wright 1995).  
 
The Australian macadamia industry  
Australia’s place in a global market 
Australia is currently the world’s largest producer of macadamia nuts, responsible for 
approximately one third of total global production. However, rapidly expanding industries in both 
South Africa and China are likely to result in Australia’s share of the global market decreasing in 
the coming decade (Strategic Investment Plan 2014). Tree nuts are the most valuable of Australia’s 
horticultural exports, and macadamia exports are second only to almonds in terms of value 
(Agricultural Commodities 2013). Approximately one third of Australia’s macadamia nut 
production is consumed domestically and the rest is exported to Japan, Europe, China and USA (in 
decreasing order of quantity and using data collected from 2009-2012). During 2013-2017 the 
global macadamia industry is expected to increase by more than 40% and Australia’s global market 
share is expected to decrease from approximately 31% in 2012 to 23% in 2017, despite its own 
steady expansion (Strategic Investment Plan 2014). Other countries that produce macadamias are 
(in decreasing order of production quantity): South Africa, Kenya, USA (Hawaii), China, Brazil, 
Malawi and Guatemala. Many of these countries produce macadamias much more cheaply than 
Australia; hence rapid growth to supply demand is inevitable. China is expected to achieve a growth 
of more than 400% between 2011-2017 (Strategic Investment Plan 2014).  
 
Major pests 
Within macadamia orchards, several major pests and many more minor pests and diseases damage 
the nut, flower, leaves, and branches of the trees, resulting in direct and indirect yield losses. The 
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most common of the invertebrate pests are the fruitspotting bug, Amblypelta nitida Stål (Hemiptera: 
Coreidae), the banana spotting bug, A. lutescens lutescens Distant, lace bug, Ulonemia concava 
Drake (Hemiptera: Tingidae), the macadamia nutborer, Cryptophlebia ombrodelta Lower 
(Lepidoptera: Tortricidae), macadamia leafminer, Acrocercops chionosema Turner (Lepidoptera: 
Gracillariidae), and macadamia felted coccid, Eriococcus ironsidei Williams (Hemiptera: 
Eriococcidae) (Ironside 1981; Mitchell & Maddox 2010). Rats, Rattus rattus, are responsible for the 
highest yield losses of any pest within the macadamia industry (Horskins et al. 1998). Highest 
levels of rat damage are found in orchards adjacent to large, temporally stable and structurally 
complex habitats (White et al. 1997), and removal as well as ongoing maintenance of these adjacent 
habitats significantly reduce the amount of rat damage (White et al. 1998). Common diseases of 
macadamia trees are fungal infections such as husk spot, (Pseudocerospora macadamiae), 
Anthracnose, (Glomerella cingulata), phytophthora stem canker, (Phytophthora cinnamomi), and 
gall canker (Fitzell 1994). Management options for these pests and diseases are usually in the form 
of synthetic chemicals, which can be used in conventional orchards but not within the organic 
sector of the industry.  
 
Conflicts in major growing areas 
The use of pesticides in the Australian macadamia industry has been publicly scrutinised in recent 
years, with negative publicity concerning case studies of spray drift affecting the health of humans, 
stock, and wildlife, (Dayton 2009). Furthermore, increased peri-urban settlement in the macadamia-
growing regions has resulted in greater visibility and consequent public accountability and scrutiny; 
this is particularly true in northern NSW, which is the fastest growing region of the state (RDA 
2014). Australia’s five main macadamia producing regions are all located in peri-urban areas, 
resulting in close proximity of residential and farming properties. In decreasing order of production 
these regions are: northern NSW, Bundaberg (Queensland (QLD)), Gympie and southeast QLD and 
Mid Coast NSW (Australian macadamia industry regional profile 2014). The northern NSW region 
produces approximately 50% of Australia’s macadamia nut crop, sharing its fertile soils with crops 
such as avocados, coffee, tea, lychees, bush foods, bamboo, herbs and a range of other sub-tropical 
fruits. The total population of northern NSW is relatively small (250,860), including the populations 
of the major regional centres of Tweed Heads, Lismore, Ballina and Grafton (RDA 2014). This 
growth in population around the many macadamia farms of the region will increase the visibility of 
farm management practices, especially in regards to use and regulation of pesticides. 
 
Organic systems 
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At present, certified organic macadamia nut production accounts for approximately 5% of the 
industry and organic orchards are clustered mainly in northern NSW and Mid Coast NSW (R 
Commens pers. comm. 2014). Organic orchards are typically smaller than their conventional 
counterparts, and because there is currently only one certified organic processor in Australia, most 
organic growers have their nut-in-shell contract cracked by a processor and then market it 
themselves. In terms of pest management, organic systems are often considered to have fewer large-
scale pest outbreaks than conventional systems and this has been attributed to increased natural 
enemy richness (Bengtsson et al. 2005; Letourneau & Bothwell 2008). However, empirical proof is 
lacking and when pest outbreaks do occur management options are limited. Typically, a price 
premium of approximately 50% is maintained for organic macadamia nut products, as 
compensation (R Commens pers. comm. 2014). 
 
Integrated pest management: MacTrix 
One example of a successful alternative management technique for control of a common 
macadamia pest is the use of the hymenopteran egg parasitoid Trichogrammatoidea crytophlebia 
Nagaraja (Trichogrammatidae), commonly known as ‘MacTrix’, for augmentative biological 
control of the macadamia nutborer, C. ombrodelta (Huwer et al. 2006). BioResources Pty. Ltd. in 
Brisbane now commercially rears MacTrix on C. ombrodelta eggs and sells the parasitised eggs to 
growers when C. ombrodelta populations peak. Reports by growers and pest consultants suggest 
that this management technique has markedly reduced the need for insecticides to manage C. 
ombrodelta, and that damage levels due to C. ombrodelta have declined well below acceptable 
thresholds (R Llewellyn, pers. comm. 2014).  
 
Seasonal phenology  
When grown within orchards, the height and spread of mature macadamia trees is extremely varied, 
depending on the level of crowding within the orchard and the pruning strategies used. Trees don’t 
yield nuts until they approximately 5 years of age, however, they reach optimal yield levels at 
approximately 12 years of age (Strategic Investment Plan 2014).         
 
In macadamia trees of northern NSW and southern QLD, flower initiation begins between May and 
June, depending on local climate, cultivar and seasonal weather patterns (Figure 1.1). Antithesis 
generally occurs between August and September when the perianths peel back, exposing the pollen-
laden style. Unfertilised flowers abscise in approximately 10-13 days, whilst fertilised flowers 
begin nut growth, oil accumulation, and shell hardening through the spring and summer seasons. 
Final nut drop occurs between February and June the following year. There is an initial shedding of 
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nut that occurs approximately two weeks post fertilisation, however immature nuts can still abscise 
up to approximately 8 weeks after formation. Premature nut abscission is a natural part of the 
phenological cycle of macadamia trees, however, damaged nuts are also shed up until shell 
hardening. 
 
 
Figure 1.1. Macadamia crop phenology in southern QLD and northern NSW (redrawn from Vock 
(1989)). 
 
Introduction to each thesis chapter 
In this thesis I examine one of the Australian macadamia industry’s major pest complexes, the 
fruitspotting bugs, A. nitida and A. l. lutescens, and investigate the potential for their management 
using biologically based strategies.  
 
Chapter 2 provides a comprehensive literature review of A. nitida and A. l. lutescens, framed around 
the potential for the adoption of integrated pest management practices. This review provides 
background on the distribution and systematics of the species, their life cycles, dispersal and 
feeding behaviours, natural enemy complexes, and host plants. In light of potential future research 
efforts, methods are discussed for the monitoring and capture of fruitspotting bugs in the field and 
the available techniques for laboratory rearing. Past and current methods for managing fruitspotting 
bugs are reviewed, and their known natural enemy complex is discussed to assess the potential for 
biological control of fruitspotting bugs within an IPM framework.  
 
Chapter 3 is the first of three data chapters. This chapter contains findings from two seasons of 
fieldwork on three directly related experiments within the theoretical realm of habitat management 
for biological control of invertebrate pests, specifically of fruitspotting bugs within macadamia 
orchards. I examine two common and contrasting canopy management strategies in macadamia 
orchards, 1) open mid-row canopies with resident flowering ground-cover vegetation and 2) closed 
mid-row canopies with no ground-cover vegetation. I then investigate the way they affect i) pest 
and beneficial invertebrate abundance, ii) nut damage levels by A. nitida, and iii) predation of 
sentinel A. nitida eggs.  
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Chapter 4 is a laboratory-based study on the development and mortality rates of the immature stages 
of A. nitida, A. l. lutescens, and their egg parasitoid, Anastatus sp. (Hymenoptera: Eupelmidae) at a 
range of constant temperatures. The lower threshold temperatures (Tmin) and degree-day 
requirements for the completion of each immature stage of A. nitida, A. l. lutescens and pre-
imaginal Anastatus sp. are estimated. 
 
Chapter 5 is the last of my experimental chapters and based on two initial field releases of 
Anastatus sp. for the control of A. nitida and A. l. lutescens in macadamia orchards. Here I assess 
the ability of Anastatus sp. to locate and parasitise sentinel fruitspotting bug eggs at naturally low 
densities within a macadamia orchard, and investigate whether Anastatus sp. use semiochemical 
cues from adult fruitspotting bugs to locate eggs. These field releases provide estimates of the 
distances that Anastatus sp. move within macadamia orchards following release.   
 
Chapters 2, 3, 4 and 5 are independent and can be read as stand-alone bodies of work; together they 
form a body of work that aims to better understand fruitspotting bugs as pests of macadamias, and 
the potential for biological management strategies of fruitspotting bugs as part of an integrated pest 
management scheme.  
 
In chapter 6, I synthesise the findings from my experimental chapters and discuss fruitspotting bugs 
in macadamia orchards and the potential for their biologically based management.  
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Chapter 2: Fruitspotting bugs, Amblypelta nitida Stål and A. lutescens lutescens Distant 
(Hemiptera: Coreidae): a review of the potential for integrated management practices 
 
The Australian fruitspotting bugs 
The fruitspotting bug, Amblypelta nitida Stål, the banana-spotting bug, A. lutescens lutescens 
Distant, and A. brevicornis Brown (Hemiptera: Coreidae) are endemic to the east coast of Australia 
with some outlying populations across the northern coastal areas of Australia. They are collectively 
referred to as fruitspotting bugs, and their distributions overlap some of Australia’s most important 
horticultural regions (Figure 2.1). Both A. nitida and A. lutescens lutescens are economically 
damaging to many tropical and subtropical crops including avocado, macadamia, custard apple, 
papaya, cashew, cocoa, durian, guava, kiwifruit, lychee, low-chill stonefruit and persimmon 
(Fay et al. 2009), but A. brevicornis is not considered to be a pest. Adults and nymphs feed on the 
fruit, shoots and/or terminal buds of host plants, causing premature fruit-fall or nut-fall, stunted 
plant growth, and cosmetic damage that can reduce crop quality and render produce unmarketable.  
 
Until recently, applications of the cyclodiene organochlorine, endosulfan, represented the most 
common control measure used against A. nitida and A. l. lutescens. The recent ban of this 
compound (Commonwealth of Australia Gazette 2010) has significantly limited the options for 
control; the remaining insecticides that are registered for use against fruitspotting bugs are non-
selective (Australian Pesticides and Veterinary Medicines Authority 2012) and thus harmful to 
beneficial insects and incompatible with integrated pest management approaches. Research 
investigating alternative management strategies for fruitspotting bugs began two decades ago with 
initial explorations into the potential of biological control agents (Peng et al. 1995; Huwer 1996; 
Fay & De Faveri 1997), the use of sex and aggregation pheromones (Aldrich et al. 1993; Waite et 
al. 1993) and alternative insecticides (Huwer 1997). This research forms the basis for the 
development of new management strategies for fruitspotting bugs that are required across several 
horticultural industries (Huwer et al. 2011). 
 
This chapter reviews the current knowledge of the biology and ecology of Australian fruitspotting 
bugs, A. nitida and A. l. lutescens, and discusses how this contributes to their status as pests of 
numerous Australian horticultural crops. It focuses specifically on their life cycles, dispersal and 
feeding behaviours, natural enemy complexes, and host plants. It also discusses methods for the 
monitoring and capture of fruitspotting bugs in the field and the techniques available for laboratory 
rearing, as these areas are integral to the success of future research on these species. The chapter 
reviews methods for management of fruitspotting bugs and their natural enemies to assess the 
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potential for biological control within an IPM framework. It concludes by identifying the areas in 
most critical need of further research. The review provides a synthesis of current knowledge and 
platform from which researchers and industry bodies can plan biologically based research to 
develop and implement improved management options for fruitspotting bugs. 
 
 
Figure 2.1. Confirmed distributions of Amblypelta nitida and A. lutescens lutescens in Australia 
(adapted from Donaldson (1983) and Lever (1982)). 
 
Systematics and morphology 
The genus Amblypelta comprises 14 species and 6 subspecies, all of which are restricted to the 
South Pacific and southeastern Indian Oceans (Brown 1958b; Brown & Ghauri 1961; Ghauri 1984) 
where they feed on a wide range of native and introduced plant hosts (Table 2.1). The genus 
Amblypelta was erected by Stål (1873) to include two species: A. bilineata Stål from New 
Caledonia and A. nitida Stål from Australia. Stål used features of the scutellum to distinguish 
Amblypelta from the closely related genus Dasynus Burm. Brown (1958b) modified Stål’s original 
description slightly so that the truncate tip of the scutellum is now the defining characteristic of 
Amblypelta. The revision by Brown (1958b) came after several new species had been described; it 
includes redescriptions of species that were previously incorrectly described, as well as the addition 
of five new species and five new subspecies. Brown and Ghauri (1961) described A. madangana 
from Papua New Guinea, and Ghauri (1984) described a further two species, A. bukharii and A. 
danishi, from Papua New Guinea and West Papua, respectively. Within the genus, four species and 
two subspecies are currently considered to be of economic importance: A. cocophaga China, A. 
theobromae Brown, A. l. lutescens Distant, A. lutescens papuensis Brown, A. bilineata Stål, and A. 
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nitida Stål (Ironside 1978; Smith 1984; Bigger 1985; Waite & Huwer 1998; Mille 2003) (Table 
2.1). 
 
The Australian Amblypelta species were first described in Brown (1958b). In 1983, Donaldson 
provided an updated key for these species and gave detailed descriptions of adult morphology. 
Adult A. nitida and A. l. lutescens are approximately 11–15 mm in length and slender in build. 
Neither species is conspicuously sexually dimorphic, although females are often slightly larger than 
males and the males of both species have a minor concavity in their ventral abdomen (Figure 2.2). 
Like most hemipterans, fruitspotting bugs have four antennal segments. Segment length can be used 
to distinguish between adults of A. nitida and A. l. lutescens; antennal segment two is >1.3 times the 
length of antennal segment one in A. nitida (Figure 2.3c) but <1.3 times the length of antennal 
segment one in A. l. lutescens (Figure 2.3d). Differences in female genitalia can also be used to 
distinguish between the two species; the tip of the pygofer of A. l. lutescens is broader and less 
tapered than that of A. nitida (Donaldson 1983) (Figures 2.3a,b). Eggs of both species are 
approximately 1.5–1.7 mm in length, oval with a flattened base, rounded ends and a central dorsal 
ridge (Brimblecombe 1962; Ironside 1978). They are pale green and slightly opalescent soon after 
oviposition, with the developing nymph visible through the translucent chorion as eggs mature. 
Nymphs of both species are approximately pear-shaped until the final instar, although A. nitida is 
narrower than A. l. lutescens throughout the final four nymphal instars (see Figures 2.4, 2.5). The 
first instar of the two species are similar in appearance, but later instars are readily differentiated by 
colour and shape, and by a pair of prominent white bands that encircle two large black spots on the 
abdomen of A. l. lutescens that are absent in A. nitida (Ironside 1978) (see Figures 2.4, 2.5). The 
hemelytra of adults of both species are pale to chestnut brown, and while the body of A. nitida is 
green, that of A. l. lutescens varies from green to green with a yellow/orange tint. 
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Table 2.1. The geographic distribution, affected crops and pest status of Amblypelta spp. 
Species or 
subspecies (subsp.) 
Geographic distribution Affected crops Pest status References 
A. ardleyi Brown Papua New Guinea: Bubia cocoa unknown Brown 1958a 
A. bilineata Stål 1. New Caledonia: Noumea 
2. Vanuatu: New Hebrides 
avocado, citrus fruits, custard 
apple, mango, lychee, macadamia 
high Stål 1873; Brown 1958a; Waite 
& Martinez Barrera 2002; Mille 
2003 
A. blötei Brown Indonesia: West Papua unknown unknown Brown 1958a 
A. brevicornis 
Brown 
Australia: Queensland, New South Wales unknown unknown Brown 1958a; Donaldson 1983 
A. bukharii Ghauri Papua New Guinea:  
Port Moresby district 
cocoa moderate  Ghauri 1984 
A. cocophaga 
cocophaga China 
1. Papua New Guinea: Bougainville Island 
2. Solomon Islands: 
Guadalcanal, New Georgia, Vella Lavella, 
Ranongga, Tetepare, Rendova, 
Kolombangara, Florida islands 
cocoa, Eucalyptus deglupta, 
coconut, cassava, papaya 
high  China 1934; Phillips 1940; 
Bigger 1985; Brown 1958a, b; 
Mitchell 2000 
A. cocophaga 
malaitensis Brown 
(subsp.) 
Solomon Islands:  
Malaita 
unknown unknown Brown 1958a 
A. costalis costalis 
Van Duzee 
Solomon Islands:  
Bellona Island 
cassava, cocoa, coconut, rubber unknown Van Duzee 1940; Brown 1958a; 
Mitchell 2000 
A. costalis 
rennellensis Brown 
(subsp.) 
Solomon Islands:  
Rennell Island 
unknown unknown Brown 1958a 
A. costalis 
szentivanyi Brown 
(subsp.) 
Papua New Guinea: Northern Province, 
New Ireland island, New Britain island,  
unknown unknown Brown 1958a 
A. cristobalensis 
Brown 
Solomon Islands: San Cristobal coconut, cassava unknown Brown 1958a; Mitchell 2000 
A. danishi Ghauri Indonesia: West Papua cocoa unknown Ghauri 1984 
A. gallegonis 
gallegonis Lever 
Solomon Islands: Santa Isabel Island unknown unknown Lever 1936; Brown 1958a 
A. gallegonis 1. Solomon Islands: Choiseul unknown unknown Brown 1958a 
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bougainvillensis 
Brown (subsp.) 
2. Papua New Guinea: Bougainville Island 
A. lutescens 
lutescens Distant 
(subsp.) 
Australia: Queensland, New South Wales avocado, macadamia, papaya, 
custard apple, cashew, 
carambola, guava, lime, longan, 
lychee, mango, African 
mahogany 
high Distant 1911; Brown 1958a; 
Ironside 1978; Donaldson 1983; 
Peng & Christian 2005; Peng et 
al. 2012; Smith 1985; Waite & 
Huwer 1998; Mitchell 2000 
A. lutescens 
papuensis Brown 
(subsp.) 
Papua New Guinea: National Capital 
Province, Northern Province 
rubber, cassava, coconut, cocoa, 
guava, yam, sweet potato, 
papaya, mango 
 
high Brown 1958a; Szent-Ivany & 
Catley 1960; Waite & Huwer 
1998; Mitchell 2000 
A. madangana 
Brown and Ghauri 
Papua New Guinea: Madang Province cocoa unknown Brown & Ghauri 1961; Mitchell 
2000 
A. manihotis Blöte Indonesia: Wonogiri and Kediri cassava moderate Blöte 1935; Phillips 1941; Brown 
1958a; Mitchell 2000 
A. nitida Stål Australia: Queensland, New South Wales avocado, macadamia, guava, 
longan, lychee, mango, white 
sapote 
high Stål 1873; Brown 1958a; 
Donaldson 1983; Waite & 
Huwer 1998; Mitchell 2000 
A. theobromae 
Brown 
Papua New Guinea cocoa, rubber, cassava, coconut high Brown 1958a, b; Smith 1984; 
Mitchell 2000 
* ‘Pest status’ is categorised as ‘high’ if the species/subspecies is regarded in the general literature as being economically important, ‘moderate’ if the 
species/subspecies is recorded as being problematic to one or more crops, or ‘unknown’ if no mention of the species/subspecies as being problematic 
has been made.  
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Figure 2.2. Lateral views of Amblypelta nitida (a) male and (b) female, showing the concave shape 
of the ventral abdomen that is characteristic of males. 
 
 
  
Figure 2.3. Female pygofer of (a) Amblypelta nitida and (b) A. lutescens lutescens; antenna of (c) 
A. nitida and (d) A. l. lutescens, showing relative lengths of middle segments (redrawn from 
Donaldson 1983). 
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Figure 2.4. Life stages of Amblypelta nitida. 
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Figure 2.5. Life stages of Amblypelta lutescens lutescens. 
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Life cycles and mating behaviour of the Australian fruitspotting bugs 
The life cycles of A. nitida and A. l. lutescens consist of an egg and five nymphal stages before the 
development of the imago (Ironside 1978). The field longevity of adult fruitspotting bugs is not 
known, but Waite et al. (2000) suggest that it is likely to be in the range of 1–2 months; laboratory-
reared bugs often live longer with some individuals living up to a year (G Waite pers. comm. 2012) 
It is not known how many generations either species passes through each year in different parts of 
their respective ranges, however, Brimblecombe (1948) suggests that in southeast Queensland, A. 
nitida typically passes through three generations each year. Brimblecombe (1948) and Huwer 
(1996) recorded developmental times at ambient temperatures for the developmental stages of A. 
nitida and A. l. lutescens, respectively; however, Waite et al. (2000) was the first to do this for all 
life stages of both species over a range of temperatures (20, 25 and 30°C). Development times for 
individuals were highly variable, but A. l. lutescens took longer to develop than A. nitida at all three 
temperatures. At 20°C, development time for A. l. lutescens, egg to adult, was 79 days compared 
with 63 days for A. nitida. At 25°C, A. l. lutescens took 50 days to complete development, while A. 
nitida took 45 days; at 30°C, A. l. lutescens took 41 days and A. nitida 30 days (Waite et al. 2000). 
These data suggest that in summer in southeast Queensland, where long-term mean diurnal 
temperatures range from 24.5 to 25.5°C between December and February (BOM 2013), a 
generation of A. l. lutescens could be completed in approximately 7 weeks, while A. nitida could 
complete a generation in around 6 weeks. 
 
Much of the published information on the life cycles of Australian fruitspotting bugs is from 
observational data, and more detailed studies are required. For example, the effect of temperature 
on survival rates of the different life and developmental stages of fruitspotting bugs, and the effect 
of temperature on fecundity and oviposition rates has not been studied. Another important area of 
research that has received little attention is the influence of different food sources on nymphal 
development times. Preliminary findings suggest that A. l. lutescens nymphs may develop faster on 
papaya plants than when fed green beans (Huwer 1996); however, low levels of replication 
precludes the drawing of definitive conclusions. The developmental work conducted by Waite et al. 
(2000) needs to be extended if degree-day models are to be generated for either species. Sex ratios 
of A. nitida and A. l. lutescens are not known, and it is not known if these are affected by abiotic 
conditions such as temperature. Oviposition patterns and behaviour of A. nitida and A. l. lutescens 
are not well understood, although it is known that eggs of both species are laid singly on the fruit, 
leaves or terminal branches of host plants (Ironside 1978). A. nitida pairs copulate with their bodies 
almost parallel to one another with the male on top and slightly to one side of the female, whereas 
A. l. lutescens pairs copulate facing in opposite directions (Waite et al. 2000). Huwer (1996) 
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recorded that oviposition by A. l. lutescens begins approximately 5–10 days after the final nymphal 
moult and that at 25°C females will lay, on average, approximately three eggs per day. Waite et al. 
(2000) suggests that females need to mate several times for continuous production of viable eggs. 
 
Distribution and host plants 
A. nitida and A. l. lutescens occur predominantly along parts of Australia’s eastern coastline with 
some outlying populations across the northern coastal areas of Australia (Ironside 1978) (Figure 
2.1). Both species are thought to have originated from Australia’s rainforest regions (Brimblecombe 
1948). In broad terms, A. l. lutescens is found along coastal regions from Brisbane (c. 27°S 153°E) 
to the Torres Strait Islands (c. 10°S 142°E), and A. nitida is found along coastal areas from 
Wollongong (c. 34°S 151°E) to Rockhampton (c. 23°S 150°E) (Donaldson 1983). Notably, because 
of the relatively low population densities of fruitspotting bugs and because they are difficult to 
detect without first observing damage to the host plant, it is likely that current records 
underestimate their true distribution. Reports of A. nitida have also come from as far north in 
Queensland as the Iron Range in Cape York (c. 11°S 142°E) and as far west as the Carnarvon 
Range (c. 25°S 149°E) in southern Queensland (Donaldson 1983). A. l. lutescens has been recorded 
near Katherine (c. 14°S 132°E), and in Berrimah (c. 12°S 131°E), Howard Springs (c. 12°S 131°E) 
and Wildman River (c. 12°S 131°E) near Darwin in the Northern Territory (Peng et al. 1995, 2012), 
as well as at Lake Argyle Village, 435 km WSW of Katherine (Lever 1982), and from the Ord 
River area (c. 16°S 128°E) of Western Australia (Smith 1985). 
 
The combined distributions of both fruitspotting bug species cover the growing regions of many 
tropical and subtropical crops. Fruitspotting bugs are considered major pests of approximately a 
dozen commercial crops and minor-to-moderate pests of up to a dozen more. In some crops, 
fruitspotting bug damage is often misdiagnosed as it is easily confused with damage caused by 
other hemipteran pests and sometimes fruitflies. Currently, the most severely affected crops are 
avocado, macadamia, custard apple and papaya, but no Australian horticultural industry has 
quantified economic losses partly because of the difficulty of accurate damage assessment and of 
indirect losses resulting from fruitspotting bug damage that facilitates entry for disease. 
 
In addition to the affected crop species, fruitspotting bugs have been recorded on numerous other 
native and exotic plant species. Waite and Huwer (1998) present an extensive list of plants from 
which observations of fruitspotting bugs have been made and categorise plants as ‘breeding’ or 
‘feeding’ hosts. These categories are based on the life stages of fruitspotting bug found on the plant 
and their feeding behaviour. If fruitspotting bug nymphs were observed on a plant, then feeding was 
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assumed, the plant species was considered capable of supporting immature development of the 
given fruitspotting bug species, and it was categorised as a breeding host. If adults alone were 
recorded feeding on a species of plant, the plant was considered as being utilised solely for adult 
feeding, and it was categorised as a feeding host. ‘Feeding’ or ‘breeding’ host plant species were 
then categorised as ‘major’ or ‘minor’ hosts based upon the number of positive fruitspotting bug 
observations recorded on that species. The majority of the non-crop species listed are exotic 
ornamentals and weeds, which can be easily found in backyards and gardens; because of their 
accessibility, these are more frequently and more closely observed than other plants upon which 
fruitspotting bugs are recorded. Native species listed include tropical and subtropical rainforest 
plants; however, it is probable that many native species have not yet been recorded as hosts because 
of the lower likelihood and difficulty of observing fruitspotting bugs within them compared with 
ornamentals, especially if they are tall, fruiting rainforest species. 
 
Further research is needed to clarify which of the plants listed by Waite and Huwer (1998) are 
indeed primary hosts, as opposed to incidental hosts, of A. nitida and A. l. lutescens. Distinctions 
can be made between host plants for suitability for given insect herbivores based on relative 
incidence rates of the herbivores on each host, their affinity for oviposition on each plant, and 
comparisons of nymph survival and performance (Rajapakse & Walter 2007; Manners & Walter 
2009). A primary host is typically defined as a species upon which a particular herbivorous insect 
can complete its entire life cycle. Thus, to qualify as a primary host, multiple observations of all 
nymph stages, particularly late-stage nymphs, are necessary from a given plant species. Incidental 
hosts cannot support the entire life cycle of herbivorous insects. Host plant classification based on 
observations of early-stage nymphs on a plant can cause confusion between a primary host and an 
incidental host because such individuals may not be able to complete development on that plant. 
Few plant species apart from Murraya paniculata (L.) Jack (Rutaceae) and some of the crop species 
on which they are considered pests can be definitively categorised as primary hosts for either A. 
nitida or A. l. lutescens. Huwer (1996) showed that the host plant affects the survival and 
performance of A. l. lutescens nymphs and adult longevity and oviposition rates; however, low 
sample sizes precluded definitive conclusions about plant preferences or their suitability. 
Ultimately, the mixture of primary and incidental host species present in an area will influence the 
local structure and dynamics of fruitspotting bug populations. Studies on the relative suitability of 
different host plants for fruitspotting bugs are thus a priority for future research. 
 
Feeding mechanisms and plant damage 
Fruitspotting bugs, like all heteropterans, have piercing sucking mouthparts. A. nitida and A. l. 
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lutescens both feed on flowers and fruit. Amblypelta lutescens lutescens also feeds on terminal 
growth of papaya, mango, cashew and macadamia plants (Fay 2002). Coreids have a unique feeding 
mechanism that is driven by osmosis and allows them to withdraw nutrients from plant cells 
without actually mechanically rupturing them (Miles 1987). Miles (1987) used an unidentified 
species of Amblypelta from Papua New Guinea to show that cell contents can be removed from 
plant tissue up to 3.5 mm from the point of stylet insertion. The injected salivary sucrase increases 
the osmotic potential of intercellular fluids, generating an osmotically driven outflow from the cells 
(Miles & Taylor 1994). Parenchyma cells emptied in this manner collapse, leading to the sunken 
lesions that are characteristic of fruitspotting bug damage.  
 
Fruitspotting bug feeding in avocados results in dark sunken marks, the skin cracking as the fruit 
matures (Fay 2002); however, early feeding damage that may result in ‘blind stings’ is often not 
detected as it is not visible without dissection of damaged fruit. Similarly in macadamias, feeding 
lesions on the surface of nut husks can be difficult to identify and may be invisible on the shell 
surface, but the damaged kernel becomes transparent and jelly-like, and finally shrivels to become 
dry and brown within the husk (Brimblecombe 1948). Premature abscission of developing fruit or 
nuts fed on by fruitspotting bugs is common in lychee, macadamia and avocado crops (Ironside 
1978; Waite 1990; Waite et al. 2000), but the precise nature of fruit damage and abscission 
relationships need to be established within these and other affected crops. In addition to direct 
feeding damage, stylet penetration of plant tissue can facilitate entry of pathogenic microorganisms 
such as bacteria or fungi (Fitzell 1994). Fruitspotting bug damage to very young fruit and nuts 
generally results in their abscission and direct loss, while feeding on larger, more mature fruits of 
papaya, mango, custard apple and avocado often results in reduced value, or unsaleable fruit if 
damage is severe.  
 
Within a crop, many factors affect fruitspotting bug damage levels. Their feeding preferences can 
be affected by skin thickness and the phenological age of fruit, leading to differences in the level of 
damage sustained by different cultivars. In avocado, fruitspotting bug damage is greater on the thin-
skinned cultivars ‘Wurtz’ and ‘Fuerte’ than on the thick-skinned varieties ‘Hass’ and ‘Sharwil’, and 
early setting varieties such as ‘Pinkerton’ are highly susceptible to damage as these provide an early 
season food source for immigrating bugs (Waite et al. 2003). A similar phenomenon occurs in 
macadamia crops, with thin-shelled varieties suffering greater fruitspotting bug feeding damage 
than the thicker shelled varieties (Huwer et al. 2011). 
 
Dispersal behaviour: constraints to effective population monitoring 
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Little is known about the dispersal behaviour of fruitspotting bugs; however, mark and recapture 
studies indicate that A. l. lutescens tends to remain on specific host plants as long as they provide 
the required food resources. For example, Waite et al. (2000) found that a high proportion of 
marked A. l. lutescens adults remained within the same patch of M. paniculata in which they were 
released throughout a 6-week monitoring period. In the same study, more than half of the A. l. 
lutescens adults released were recaptured from the papaya block into which they were released, 
while none of those released in adjacent blocks of banana, mango, carambola, macadamia and 
Eucalyptus scrub was recaptured in the papaya, despite suggestions that papaya is a preferred host 
plant (Huwer 1996). Ryan (1994) suggested that short-flight patterns are characteristic of A. l. 
lutescens because feeding damage within papaya orchards was spatially clumped and decreased 
with increasing distance from forest edges, the presumed source of invading insects. 
 
Monitoring fruitspotting bug populations within a crop is crucial for making informed management 
decisions; however, obtaining accurate population estimates is difficult because of the cryptic 
behaviour of the bugs and the difficulty in capturing them. Currently, systematic assessment of 
fruitspotting bug damage within a crop is conducted in order to make management decisions, but 
feeding damage levels do not provide reliable information on population densities as low numbers 
of individuals can cause relatively high levels of damage (Waite 1990) and feeding damage is 
extremely patchy within orchards (Ryan 1994). Monitoring bugs using traps baited with 
semiochemicals, e.g. fruitspotting bug pheromones or volatiles, has the potential to provide more 
reliable and standardised population estimates than those derived from highly variable measures of 
feeding damage (Khrimian et al. 2012). 
 
Capturing or detecting live fruitspotting bugs in orchard trees is difficult because both adults and 
nymphs blend with the host background; they are evasive and move rapidly when disturbed. 
Methods for their capture have been tried but with little success. Vacuum sampling was conducted 
in macadamia orchards where fruitspotting bugs were a problem. Bug presence was monitored and 
confirmed by assessing feeding damage, but over the course of the macadamia season, vacuum 
sampling did not capture a single fruitspotting bug (AW Govender unpubl. data 2012). Beat 
sampling has been used, but this is only useful for nymphs as adults take flight. Canopy fogging has 
been successfully used to ‘knock down’ fruitspotting bugs from foliage (Fay et al. 2009). This 
method is time-consuming and costly; however, it provides a means for estimating fruitspotting bug 
numbers in a tree canopy. 
 
Chemical ecology 
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Like most heteropterans, A. nitida and A. l. lutescens have well developed scent glands that open on 
the ventral metathorax of adults and on the dorsal abdomen of nymphs (Aldrich 1988). Although 
the scent gland secretions of adult and nymphal A. l. lutescens and A. nitida have been characterised 
(Aldrich et al. 1993), the precise biological function of these compounds remains unclear, although 
they possibly have a defensive function. Compounds that are thought to be pheromonal have been 
identified from males of both A. nitida and A. l. lutescens. The compounds were isolated through 
aeration samples, as the bugs do not possess discrete pheromone-producing glands that would allow 
direct extraction. In the absence of such glands, it is assumed these compounds are produced from 
cells in the cuticular epidermis (Aldrich et al. 1993). The compounds are quite distinct between the 
two species; they are also distinct from the allomones produced in the dorsal abdominal glands of 
nymphs and the ventral metathoracic glands of adults (Aldrich & Yonke 1975; Aldrich et al. 1979; 
Blum 1985). Moore et al. (1999) provides information on the known components of male A. nitida 
volatiles, of which the major volatile compound 3R,5E β-ocimene epoxide was identified. In further 
GC-EAG studies, the antenna of both male and female A. nitida adults responded to this compound, 
as well as the compounds nonanal and decanal (Waite 2005). Research to confirm whether these 
compounds play a role in communication are currently being undertaken (I Newton pers. comm. 
2013). 
 
Most recently (R,E,E)-α-farnesene-10,11-oxide, a compound previously noted but not identified in 
aeration samples from male A. l. lutescens was positively identified in aeration samples (Khrimian 
et al. 2012). A blend of (R,E,E)-α- farnesene-10,11-oxide with (E,E)-α-farnesene and (R,E)- 
nerolidol, which had been previously identified in male A. l. lutescens aerations (Aldrich et al. 
1993;Waite et al. 1993) attracted nymphs and adult male and female A. l. lutescens in field 
bioassays. This demonstrates that the components are associated with aggregation and suggests that 
aggregation, rather than sexual communication, might be the biological function of volatiles emitted 
by male bugs. While the components of the chemical blend produced by male A. l. lutescens are 
now known, further research is required to develop and optimise the chemical lure for use in 
commercial traps (Khrimian et al. 2012). There are several examples of successful pheromone 
monitoring and trapping of heteropteran pests (Borges et al. 2011; Mahob et al. 2011; Takeda et al. 
2012) and predatory bugs (Aldrich et al. 1984) using aggregation or sex pheromones. Trap shape 
and design affect efficiency of pheromone traps (Adachi et al. 2007; Kim 2012), and these issues 
will need to be addressed in the development of a specific trap-lure system for commercial use. 
 
Laboratory rearing methods 
Fruitspotting bugs were first reared for research over 60 years ago (Brimblecombe 1948), but 
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methods were not reported until the early 1970s, when multiple generations of A. nitida were reared 
on French (Phaseolus vulgaris) and snake beans (Vigna unguiculata subsp. Sesquipedalis) (Baker et 
al. 1972). Subsequently, French beans have been commonly used to rear fruitspotting bugs in 
captivity (Waite et al. 1993; Huwer 1996; Fay & De Faveri 1997) because they are inexpensive, 
readily available throughout the year and do not need to be changed daily. 
 
Huwer (1996) reared A. l. lutescens nymphs on several food types to develop a practical and 
reliable laboratory rearing technique. When field collected adult A. l. lutescens were provided with 
a range of plants as food and oviposition substrates, green beans and young papaya plants proved 
the most effective of those tested for immature survival and development (Huwer 1996); 
consequently, they are routinely used in laboratory cultures of this species.  
 
The size, shape and material used for rearing cages in past research have all varied depending on 
the purpose for which the fruitspotting bug colony is to be used. BioResources Pty. Ltd, Samford, 
Queensland, Australia has designed cages that facilitate the collection of fruitspotting bug eggs for 
rearing egg parasitoids. Longer-term colonies are usually kept in larger cages with live plants and 
may be supplemented with other food types. Further research is needed to determine optimal 
holding densities of fruitspotting bugs within caged colonies. 
 
Current control methods 
Insecticides remain the primary method of control for fruitspotting bugs in Australia (Maddox et al. 
2002), and until recently, the dominant insecticide was the organochlorine, endosulfan. Developed 
in the 1950s, endosulfan was used worldwide to control numerous horticultural pests because of its 
cost-effectiveness and low toxicity to beneficial organisms (Kern & Geiss 1999). Industry reliance 
on endosulfan for the control of fruitspotting bugs and other horticultural pests was such that the 
product remained registered in Australia until October 2010 despite pressure for its ban because of 
its persistence, bioaccumulation and toxicity. Endosulfan has now been withdrawn from use in 
horticulture in many countries including Australia, where in October 2010 the Australian Pesticides 
and Veterinary Medicines Authority (APVMA) imposed a ban on all products containing 
endosulfan, with a 2-year phase-out period (Commonwealth of Australia Gazette 2010). 
 
Insecticides that are currently registered for use against fruitspotting bugs are limited in their 
compatibility with IPM strategies used in the various crops in which they are pests. These products 
either contain the organophosphate compounds methidathion, trichlorfon, acephate or 
azinphosmethyl, or the synthetic pyrethroid β-cyfluthrin (Australian Pesticides and Veterinary 
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Medicines Authority 2012); all are highly toxic to beneficial invertebrate species (Silva et al. 2005; 
Giolo et al. 2009; Liang et al. 2010; Goldberger et al. 2011; Sugiyama et al. 2011). While providing 
acceptable control of the bugs, they often induce outbreaks of other pests such as scales and mites, 
as they remove the natural enemies of these pests. Neem has been tested as an alternative to 
organophosphate insecticides for fruitspotting bug control, but it was ineffective against the egg and 
adult stages, and its effect on nymphs was manifest only after a significant period following 
application (Huwer 1997). Organic growers currently have approval to use pyrethrum; however, it 
is expensive, and it has a broad-spectrum of activity too that is disruptive of beneficial 
invertebrates. Furthermore, results from laboratory bioassays and field trials showed that pyrethrum 
is only moderately effective against fruitspotting bugs as it has almost no residual activity and is 
thus ineffective against persistent fruitspotting bug movement into crops (Fay et al. 2009).  
 
There is no known insecticide resistance in Amblypelta spp; however, repeated use of a particular 
class of chemical can exert significant selection pressures for resistance (Caprio & Tabashnik 
1992). Resistance to several pyrethroid and organophosphorus insecticides has been well 
documented for the mirid pest, Lygus lineolaris (Palisot de Beauvois) (Snodgrass 1996; Snodgrass 
et al. 2009), which, like fruitspotting bugs, are pests of multiple crops. The use of crop scouts has 
increased in Australian horticulture, and decision making by better-informed growers has resulted 
in reduced insecticide use (A Coates pers. comm. 2012). The acknowledgement of the existence of 
edge effects (Ryan 1994) and highly clumped distributions of fruitspotting bugs within orchards 
(Waite 2004) has also led to more judicious use of insecticides because growers are better able to 
target fruitspotting bug populations within their crops (A Coates pers. comm. 2012). 
 
Natural enemies and biological control 
To date, no biological control program for fruitspotting bugs has been implemented in Australia. In 
1992, three hymenopteran parasitoids were collected from eggs of A. l. lutescens in north 
Queensland (Fay & Huwer 1993): Anastatus sp. (Eupelmidae), Ooencyrtus caurus Huang & Noyes 
(Encyrtidae) and Gryon meridianum Dodd (Scelionidae). Of these, Anastatus sp. was deemed the 
most suitable as a potential biological control agent because high parasitism rates were recorded in 
glasshouse trials and it could be reared through alternative hosts (Fay & De Faveri 1997). In 
northern New South Wales, Centrodora darwini Girault (Aphelinidae), Anastatus sp. and G. 
meridianum have also been collected from A. nitida eggs (Maddox et al. 2002; Huwer et al. 2006; 
RK Huwer and CDA Maddox, unpubl. data 2012). Fay & De Faveri (1997) considered that 
Anastatus sp. had significant potential as a biological control agent for both A. nitida and A. l. 
lutescens and Anastatus sp. (collected from northern Queensland) is currently being mass-reared 
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using sterile Chinese oak silkmoth eggs, Antheraea pernyi Guérin-Méneville (Lepidoptera: 
Saturniidae) as the host (R Llewellyn unpubl. data 2012). Under laboratory conditions, Anastatus 
sp. does not discriminate between A. l. lutescens and A. nitida eggs for oviposition (AW Govender 
unpubl. data 2012). Field trials to develop release techniques for Anastatus sp. and to test its 
efficacy for control of fruitspotting bugs are currently being conducted (R Llewellyn and AW 
Govender unpubl. data 2013). 
 
Similar hymenopteran parasitoid complexes to those identified for A. l. lutescens have been 
collected from eggs of related pest species in other countries, and in some cases, parasitoids have 
been used for biological control. Anastatus japonicus Ashmead (Hymenoptera: Eupelmidae) has 
been successfully deployed as a biological control agent of the lychee stink bug, Tessaratoma 
papillosa Drury (Hemiptera: Pentatomidae), in lychee and longan orchards in China since the 1960s 
(Chen et al. 1990; Han et al. 1999; He et al. 2001). Ooencyrtus albicrus Prinsloo (Hymenoptera: 
Encyrtidae) and Anastatus sp. (Hymenoptera: Eupelmidae) are reported as egg parasitoids of the 
coconut pest, Pseudotheraptus wayi Brown (Hemiptera: Coreidae), in east Africa (Oswald 1990). 
Anastatus axiagasti Ferriere (Hymenoptera: Eupelmidae) is an egg parasitoid of Amblypelta 
cocophaga China (Hemiptera: Coreidae) in the Solomon Islands (Brown 1959). Four hymenopteran 
parasitoid species, Ooencyrtus malayensis Ferriere, Gryon sp. (Scelionidae), Anastatus sp., and an 
unknown species (Encyrtidae) were collected from eggs of Amblypelta lutescens papuensis Brown 
in Papua New Guinea (Van Greve & Ismay 1983). The native tachinid, Pentatomophaga bicincta 
de Meijere (Diptera), has been recorded parasitising the fifth instar and adult stages of A. l. 
lutescens in Queensland (Ironside 1978), but the potential of non-hymenopteran parasitoids in 
biological control appears to be limited. 
 
Relatively few fruitspotting bug predators have been identified. Coastal brown ants, Pheidole 
megacephala Fabricius (Formicidae), have been recorded feeding on fruitspotting bug eggs 
(Ironside 1978; Fay & De Faveri 1997) and the green tree ant, Oecophylla smaragdina (F.) 
(Hymenoptera: Formicidae), was found to exert effective control over A. l. lutescens in cashew 
crops (Peng et al. 1995). Although subsequent research found it to be a suitable candidate for 
strategic biological control in many respects (Peng et al. 1997, 1998, 1999), the commercial uptake 
of O. smaragdina as a biological control agent is unlikely due to their aggressive nature, and the 
implications this has for humans working in orchards (Peng et al. 2000). Furthermore, O. 
smaragdina is a tropical species that has not been recorded south of the Gladstone region in 
Queensland (Lokkers 1986), so it is not a feasible management option for Australia’s subtropical 
growing regions. 
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Assassin bugs, Pristhesancus papuensis Stål (Hemiptera: Reduviidae), and jumping spiders, 
Ocrisiona spp. (Salticidae), have been recorded feeding on fruitspotting bug nymphs, and the 
nymphs have been caught in webs of several unidentified spiders (AW Govender unpubl. data 
2012). Little is known about the impact of predation on fruitspotting bugs, and this is an area that 
needs further research. 
 
Future directions for fruitspotting bug research 
Development of IPM for fruitspotting bugs 
Developing IPM strategies for crops affected by fruitspotting bugs is a priority within Australian 
horticulture (Huwer et al. 2011), but this will require extensive research. Currently, the only option 
for management of fruitspotting bugs is the use of insecticide. The withdrawal of endosulfan has 
highlighted the possibility of further insecticide withdrawals by the APVMA. Furthermore, the use 
of some insecticides for the management of A. nitida and A. l. lutescens may exacerbate the impact 
of other pests within a crop if they are detrimental to the natural enemy complex. An integrated 
approach to fruitspotting bug management should focus on preventative measures but include a 
suite of therapeutic measures having the least ecological and environmental impact.  
 
In 2011, a research and development project was initiated to develop multitargeted strategies for 
fruitspotting bug control (Huwer 2011). The research focuses on both monitoring and control 
methods, including the use of selective insecticides and biological control for fruitspotting bug 
management, as well as best practices for implementing these methods. The development of trap 
crops and pheromone traps as monitoring tools to develop an area-wide monitoring program is a 
priority.  
 
The application of conservation biological control to IPM strategies for fruitspotting bug 
management has received little attention to date. This approach can be important for pest 
management (Gurr & Wratten 1999), as it supports and complements other biological control 
techniques such as inundative and inoculative releases of natural enemies. While there are several 
known predators and parasitoids of fruitspotting bugs in the horticultural agro-ecosystems of 
Australia, further research is needed to identify effective natural enemy complexes and the 
conservation measures that are required to promote their activity. Any habitat manipulation for 
conservation biological control needs to be rigorously tested for its effect on both natural enemy 
and pest populations prior to implementation. This approach has been referred to as ‘ecological 
engineering for pest management’ (Gurr et al. 2004), and it ensures that measures taken to enhance 
  24 
predator abundance and fitness do not unintentionally increase pest populations. Natural enemy 
conservation has led to increased pest suppression in cereal (MacLeod et al. 2004) and orchard 
agro-ecosystems (Irvin et al. 2006), and the latter example suggests that manipulation of perennial 
fruit and nut orchards for improved biological control of fruitspotting bugs is a possibility. 
 
Dispersal behaviour and population genetic studies 
The dispersal behaviour and movement patterns of A. nitida and A. l. lutescens within crops and 
across crop boundaries are poorly understood. The recent development of a synthetic lure for A. l. 
lutescens, traditional mark-recapture techniques and the availability of area-wide mapping software 
offer exciting possibilities to better understand these movements and to determine the likely sources 
of fruitspotting bug populations that invade crops. To date, no genetic studies of fruitspotting bugs 
have been conducted, but such studies also offer the potential to contribute to increased 
understanding of fruitspotting bug movement. Ryan (1996) developed an electrophoretic protocol 
for population genetic studies of fruitspotting bugs, but future genetic studies would most likely use 
the more recent technologies involving microsatellite markers. 
 
Conclusions 
Fruitspotting bug research has been hindered by the difficulties associated with sampling the highly 
mobile and cryptic insects, and their maintenance in laboratory culture. Surprisingly, many aspects 
of the basic biology and ecology of both A. nitida and A. l. lutescens have not been studied, and 
both crop and non-crop host-plant relationships are poorly understood. Fay (2002) suggested that 
long-term improvement of fruitspotting bug management depended on five critical areas of study to 
determine: (1) the significance of native host plants in undisturbed areas as sources of fruitspotting 
bug populations in crops; (2) the utility of trap crops to intercept invading adult insects; (3) the 
effectiveness of selective insecticides; (4) field effectiveness of lures derived from male sex 
pheromones and plant volatiles; and (5) the potential of inoculative releases of egg parasitoids. 
Significant progress has been made in the development of a synthetic lure based on volatiles 
emitted by male A. l. lutescens (Khrimian et al. 2012), and this offers considerable promise for 
improved management of this species. However, more than a decade on, the other research 
priorities identified remain largely unexplored. Current research is investigating the potential of 
Anastatus sp. as an inoculative biological control agent for fruitspotting bugs, but much work on the 
ecological interactions between the pests and the parasitoid remains to be done. Significant recent 
investment in fruitspotting bug research by Horticulture Australia Ltd (Huwer 2011) has improved 
prospects for a greater understanding of the biology and ecology of fruitspotting bugs in eastern 
Australia. This research is essential for the development of integrated management strategies, but 
  25 
there is no immediate prospect of their deployment. 
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Chapter 3: Habitat management in organic macadamia orchards: effects of open vs. closed mid-
row canopies on crop damage and arthropod abundance and function 
 
Introduction 
Habitat management for biological control aims to ensure that in situ habitat and resources for natural 
enemies of pests are sufficient to allow these beneficial arthropods to drive substantial declines in crop 
pests in the field (Barbosa 1998). This approach to biological pest control often involves the 
maintenance of non-crop vegetation in agricultural systems, such as field margins, sown flower strips, 
beetle banks or conservation headlands, and has been shown to enhance populations of beneficial 
arthropods in adjacent crops (Gurr & Nicol 2000; Landis et al. 2000; Pfiffner & Wyss 2004; Thomson 
& Hoffmann 2009). Beneficial arthropods often do not have access to all necessary resources in 
monoculture cropping systems. Interspersed or adjacent non-crop vegetation may, however, provide 
resources such as pollen and nectar (Begum et al. 2003), alternative hosts/prey (Settle et al. 1996; van 
Emden 1990), favourable oviposition sites, and refuge from environmental extremes, pesticides and 
winter conditions (Orr et al. 1997; Pfiffner & Luka 2000; Thomson & Hoffmann 2007). 
 
Habitat management to improve biological control of pests has been applied in a variety of crop 
systems around the world. Either native or cultivated vegetation can be used to support natural enemies 
in agroecosystems, both of which have proven effective (Johanowicz & Mitchell 2000; Silva et al. 
2010; Smith & Papacek 1991). For example, in Australia and New Zealand, flowering cover crops are 
often planted in the mid-rows of vineyards to increase populations of natural enemies to increase 
parasitism and/or predation of pests (Berndt et al. 2006; Danne et al. 2010). In California, organic 
lettuce growers typically interplant crops with alyssum, Lobularia maritima (L.) Desv., to attract adult 
hoverflies (Diptera: Syrphidae), larvae of which are effective predators of currant lettuce aphids, 
Nasonovia ribis-nigri Mosley (Homoptera: Aphididae) (Chaney 1998; Hogg et al. 2011a; Smith & 
Chaney 2007). The presence of L. maritima in lettuce fields has been found to significantly enhance 
hoverfly egg production leading to declines in aphid numbers (Hogg et al. 2011b).  
 
Plant selection for habitat management in agroecosystems 
The interactions among crops, pests and biological control agents are complex. The incorporation of 
non-crop vegetation into agricultural landscapes to support biological control agents can produce 
varying results, depending on the system and species involved. For example, Bone et al. (2009) found 
that planting inter-rows with selected cover-crops did not increase in natural enemy activity in the 
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canopy of apple trees when compared to resident grass ground-cover, whereas Altieri & Schmidt 
(1986) and Stephens et al. (1998) both found positive effects on natural enemy activity in apple trees 
when orchards were planted with selectively chosen, albeit different, cover crops. One likely reason for 
these conflicting results is that different plants are more or less attractive to, and/or increase the 
efficacy of, some natural enemy species more than others (Cortesero et al. 2000). For example, plant 
species differ in nectar and pollen quality for different parasitoids (Aduba et al. 2013; Balzan & 
Wackers 2013; Berndt & Wratten 2005; Geneau et al. 2012; Wäckers 2004). Apart from food 
provisioning, the traits of plants can also affect the searching ability of natural enemies, particularly in 
‘push-pull’ strategies of biological control. For instance, Khan et al. (2008) showed that plant volatiles 
can be useful for repelling pests and attracting natural enemies, and Cortesero et al. (2000) found that 
leaf structure and texture can impact the searching ability of some natural enemy species. The spacing 
of plants is also important for biological control agents, because modes and rates of dispersal vary 
among species. For example, short distance dispersal by Trichogramma spp. (Hymenoptera: 
Trichogrammatidae) is achieved primarily through walking and short hops (Romeis et al. 2005), while 
larger parasitic hymenoptera fly relatively long distances.  
 
The potential role of ground-cover vegetation for conservation biological control in Australian 
macadamia orchards 
Macadamia orchards typically contain a considerable amount of non-crop area that can be used to 
provide resources for beneficial invertebrates, but this depends on the tree spacing and canopy 
management within the orchard. Traditionally, macadamia trees are spaced in 8 × 4 m rows (O'Hare 
2004) and when the trees are mature (at approximately 15 years old) the orchard canopy will begin to 
close between rows and shade out ground-cover vegetation. In recent years, macadamia growers have 
been encouraged to increase light into their orchards for increased tree health and nut production 
(McFayden & McConchie 2004). Management strategies to increase light penetration within 
macadamia orchards include ‘selective limb removal’, tree ‘topping’ and ‘hedging’ (McFadyen 2006) 
and selective tree removal. Currently, common practice for mid-row ground-cover management in 
Australian macadamia orchards, (if light interception in the mid-row is high enough), is to grow the 
shade-tolerant sweet smother grass, Dactyloctenium australe (Poaceae) (Firth 2004), and to use 
composted nut husk as mulch beneath trees (O'Hare 2004). Rats are one of the most economically 
damaging pest of macadamias in Australia, hence mowing of ground-cover vegetation surrounding 
macadamia orchards is commonly practiced and growing tall, dense swards of ground-cover vegetation 
in the mid-row without strip mowing is discouraged (White et al. 1998).   
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Pests and natural enemies in Australian macadamia orchards 
Australian macadamia orchards host a variety of invertebrate pests and natural enemies from a broad 
range of taxa. The most important of these pests are the fruitspotting bug, Amblypelta nitida Stål, the 
banana spotting bug, A. lutescens lutescens Distant (Hemiptera: Coreidae), lace bug, Ulonemia concava 
Drake (Hemiptera: Tingidae), the macadamia nutborer, Cryptophlebia ombrodelta Lower (Lepidoptera: 
Tortricidae), macadamia leafminer, Acrocercops chionosema Turner (Lepidoptera: Gracillariidae), and 
macadamia felted coccid, Eriococcus ironsidei Williams (Hemiptera: Eriococcidae) (Ironside 1981). 
Natural enemies of these pests that are present in macadamia orchards include a diverse suite of 
hymenopteran parasitoids, as well as a putative list of generalist predators such as spiders, ants, lady 
beetles (Coleoptera: Coccinellidae) and brown lacewings (Neuroptera: Hemerobiidae). The assassin 
bug, Pristhescancus spp. (Hemiptera: Reduviidae) is a predator of Amblypelta spp., and Cryptolaemus 
montrouzieri Mulsant (Coleoptera: Coccinellidae) is a predator of aphids, scale and mealybugs in 
macadamia orchards (Gallagher 2003). 
 
Whilst the above pests are economically important in Australian macadamia orchards at present, all 
ecosystems are dynamic, so pest populations are likely to change in both composition and abundance 
over time. This change can occur on both small and large temporal scales (Menendez et al. 2008), 
strengthening the need to conserve natural enemy diversity as ‘insurance’ against unforeseen pest 
outbreaks (Duelli et al. 1999; Tscharntke et al. 2007). Conserving predators and parasitoids from 
different guilds means conserving a wide range of searching and feeding strategies (Koul & Dhaliwal 
2003), which may in turn insure against a broader range of potential pest strategies. While intra-guild 
predation and functional redundancy have been highlighted as possible drawbacks of natural enemy 
diversity for biological control (Chong & Oetting 2007; Denoth et al. 2002; Lang 2003; Rodriguez & 
Hawkins 2000; Straub et al. 2008), other studies have detected synergistic effects of natural enemy 
diversity on pest suppression (Cardinale et al. 2003; Losey & Denno 1998; Riechert & Lawrence 1997; 
Sunderland et al. 1997). To gain a better understanding of the complex relationship between natural 
enemy diversity and biological control it is useful to study specific effects of a natural enemy complex 
on a prey/pest species (Letourneau & Bothwell 2008; Straub & Snyder 2006). 
 
Summary and aims 
Biological control theory suggests that non-crop habitat can enhance the effects of natural enemies on 
pest populations by provisioning suitable habitat and alternative food sources. Australian macadamia 
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orchards have considerable non-crop space within mid-rows that may provide these services, however, 
mature orchard canopies typically shade out any ground-cover vegetation. In recent years macadamia 
growers have been encouraged to bring more light into their orchard for increased tree health and nut 
production, but this has not led to increased vegetation in mid-rows due to concern over the increased 
predation of fallen nuts by rats and the paucity of available data to show benefits of mid-row vegetation 
for harboring biological control species. The specific aims of this study were to test the following 
hypotheses:  
1. ‘Open’ mid-row canopies with flowering resident ground-cover vegetation support more 
beneficial invertebrates and fewer pest invertebrates than orchards with ‘closed’ mid-row 
canopies and no ground-cover vegetation. 
2. Predation of sentinel A. nitida eggs is higher in ‘open’ mid-row canopy orchards with flowering 
resident ground-cover vegetation than in ‘closed’ mid-row canopy orchards with no ground-
cover vegetation.  
3. Levels of nut damage by A. nitida are lower in ‘open’ mid-row canopy orchards with flowering 
ground-cover vegetation than in ‘closed’ mid-row canopy orchards with no ground-cover 
vegetation. 
 
Materials and methods  
Study orchards 
Trials were conducted in two organic macadamia orchards, each containing ‘open’ and ‘closed’ mid-
row canopies, in the Ballina and Byron shires of northern New South Wales (NSW) (Figure 3.1). This 
peri-urban area has a subtropical climate with mean annual maximum and minimum diurnal 
temperatures of 23.4°C and 15.0°C, respectively and a mean annual rainfall of 1825.4 mm (average of 
data from 1968-2011) (BOM 2013). 
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Figure 3.1. Location of study orchards in (a) Australia and (b) northern NSW: (c) orchard 1 and (d) 
orchard 2, showing location of ‘light’ and ‘dark’ sites within each orchard.  
 
Orchard 1 is located in McLeod’s Shoot, 28°39’32”S, 153°33’04”E, with an elevation of 88 m (Figure 
3.1). The 66 Ha property had approximately 4300 macadamia trees (a mixture of Hawaiian varieties, 
including 344 and 741) interspersed with rainforest and eucalyptus remnants at the time of the study. 
The orchard consisted predominantly of 24-year trees spaced 4 m apart within rows and hedged every 
two to three years. Inter-row spacing was 8 m. Except for one ‘closed canopy’ block, all the rows in the 
study ran north-south. Up until 2009 orchard 1 was managed conventionally, however, in 2009 the 
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owners converted the orchard to certified organic, and no synthetic pesticides have been used since. A 
biological control agent, MacTrix, Trichogrammatoidea cryptophlebiae Nagaraja (Hymenoptera: 
Trichogrammatidae), was released against the macadamia nutborer, Cryptophlebia ombrodelta Lower 
(Lepidoptera: Tortricidae) (Huwer et al. 2006) in November/December each year between from 2009 to 
2011. The understory of the orchard is managed by mowing ground-cover vegetation infrequently 
where it is present, and mulching below the tree line using grass clippings and compost. Ground-cover 
vegetation consists of a relatively diverse mixture of pasture grasses, herbs and legumes (Appendix 1). 
Woody vegetation adjacent to the orchard sites studied includes a patch of re-vegetated rainforest that 
hugs the gully on the eastern side of the property, and there is a large stand of eucalyptus trees that 
contains scrub and weedy vegetation on the northeastern part of the property. To the east, south and 
west of the property lies grazing pasture, and to the north of the property is a conventional banana 
plantation (Figure 3.1c). 
 
Orchard 2 is located in McLeans Ridges at 28°47’25”S, 153°24’15”E with an elevation of 124 m 
(Figure 3.1). This 19 Ha property had approximately 5000 macadamia trees (a mixture of Hawaiian 
varieties, including 344 and 741) aged 20-22 years. Trees in this orchard were also spaced 4 m within 
rows and 8 m between rows. This orchard has been maintained under organic practices since 2003 and 
was certified organic in 2006. At the time of study, the only practice undertaken to control arthropod 
pests was the annual distribution of T. cryptophlebiae in November/December for C. ombrodelta 
control. Rows are generally directed north-south. Where ground-cover vegetation was present it was 
relatively diverse, with a similar mix of species to orchard 1, however, swards of Arachis pinto 
(Fabaceae) had also been sown into the naturally occurring ground-cover vegetation of mid-rows 
(Appendix 2). Mowing was carried out infrequently during the year of this study. To the north and east 
of the property lie two conventionally managed macadamia orchards, to the south an unmanaged 
avocado orchard and to the west grazing pasture. Unlike orchard 1 there are no large stands of woody 
non-crop vegetation nearby (Figure 3.1d). 
 
Study design 
Within each orchard six sites were selected based on extremes of low and high light interception in 
mid-rows (Figure 3.1). Six similarly sized sites were chosen in each of the orchards (12 sites total); 
three with low light interception (~0.02- 0.06 tau) and three with high light interception (~0.35 - 0.85 
tau). Low light interception sites are referred to as ‘dark’ sites and high light interception sites are 
referred to as ‘light’ sites. Maximum average monthly temperatures for October, November, December 
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and January in 2011/2012 were significantly higher in ‘light’ site understories than ‘dark’ site 
understories (P = 0.0004), though minimum average monthly temperatures did not differ substantially 
in ‘light’ site understories and ‘dark’ site understories (Appendix 3). Maximum and minimum relative 
humidity levels were also similar between treatments (Appendix 3).  
 
All sites ranged in area between 1500 m2 and 4500 m2. ‘Dark’ sites had almost no mid-row ground-
cover vegetation, whilst ‘light’ sites had a mixture of grasses, flowering herbs and legumes in the mid-
row (Figure 3.2). ‘Light’ sites were mown infrequently so that ground-cover vegetation was maintained 
between 10-30 cm in height. To minimise disruption to invertebrates and to maximise flowering during 
sampling periods, no mowing of the mid-rows took place at least two weeks prior to sampling.  
 
  
Figure 3.2. Canopies and understories typical of ‘dark’ and ‘light’ sites (Orchard 2). 
 
Ground-cover vegetation surveys in ‘light’ sites 
The diversity and percent cover of ground-cover plant species within ‘light’ sites was recorded in a 1 m 
x 4 m sampling area centered on individual tree trunks. Assessments were made each month from 
October 2011 until January 2012. Within this area, all plants, (except grasses), were identified to 
species and percent cover was estimated within four 1 m2 quadrats. Grasses were not identified to 
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species but percent cover for all grasses combined was estimated within each quadrat. Broadleaf 
species were identified to species using Rose et al. (2009), and any species in flower at the time of 
sampling was recorded. Ground-cover surveys were only done in the ‘light’ sites because the ‘dark’ 
sites had no ground-cover vegetation.  
 
Abundance of beneficial and pest invertebrates in ‘light’ and ‘dark’ sites within orchards 
Invertebrate sampling was done once a month for four months from October 2011 until January 2012. 
This period was chosen because, by October, small macadamia nuts have set on trees and potential nut 
pests such as A. nitida may be present during this period, whereas, by January, the macadamia nuts are 
mature and the thickened shell prevents most insect damage.  
 
Within each site three trees of varieties 344 or 741 were arbitrarily chosen from which to sample the 
invertebrate community (a total of 18 trees per orchard). No trees were selected within two trees of the 
orchard edge to minimise edge effects. Varieties 344 or 741 were chosen because they are common at 
both sites and because nuts from these varieties have similar shell thicknesses. At each focal tree the 
invertebrate community was sampled from the canopy and the mid-row directly adjacent to one side of 
the tree.  
 
Vacuum-suction sampling was used to sample crawling and winged invertebrates from both the mid-
row and the lower canopy of the tree. A 27 cc power blower/vac, (STIHL®, model BG56), was fitted 
with a rectangular shaped voile bag (15 cm across the opening and 20 cm long) at the end of the suction 
tube. Each sample was taken over a 30 second period within the canopy of the tree, or directly adjacent 
to it for mid-row samples. Vacuuming was done at a constant pace (one step per second) around the 
tree canopy with the blower/vac held at head height, or for mid-row samples, approximately 20-40 cm 
above the ground while walking at one step per second and sweeping with a side-to-side motion 
towards the next nearest tree within the row. The voile bag was then removed and placed into a 
container filled with ethanol to kill invertebrates. Canopy and mid-row sampled were collected in this 
way in both ‘light’ and ‘dark’ sites. 
 
All ‘beneficial’ and ‘pest’ invertebrates collected from vacuum-suction samples in both the tree canopy 
and the mid-row were initially sorted to order using CSIRO (1991), Harvey & Yen (1989) and 
Zborowski & Storey (2010), and abundance recorded for each. ‘Beneficial’ invertebrates included 
‘parasitoids’ (Hymenoptera), Araneae, Carabidae, Staphylinidae (Coleoptera), C. montrouzieri 
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(Coleoptera: Coccinellidae), Formicidae (Hymenoptera), Pristhescancus spp. (Hemiptera: Reduviidae), 
Hemerobiidae and Chrysopiidae (Neuroptera). Specific macadamia pests, and generalist herbivores 
were classified as ‘pests’, and sorted into the following levels: lace bugs, U. concava (Hemiptera: 
Tingidae), leafminers, A. chionosema (Lepidoptera: Gracillariidae), macadamia nutborer, C. 
ombrodelta Lower (Lepidoptera: Tortricidae) and weevils (Coleoptera: Curculiondiae). Red-shouldered 
leaf beetles, Monolepta australia (Coleoptera: Chrysomelidae), were included because they are a minor 
pest in macadamia orchards (Gallagher et al. 2003). All other lepidopterans collected were classified as 
‘pests’ and grouped as ‘other Lepidoptera’. 
 
All spiders from both the mid-row and the tree canopy were subsequently sorted to the family level 
using (Hawkeswood 2003). These included: Amaurobiidae, Araneidae, Clubionidae, Corinnidae, 
Gnaphosidae, Linyphiidae, Lycosidae, Oonopidae, Oxyopidae, Salticidae, Scytodidae, Sparassidae, 
Tetragnathidae, Theridiidae and Thomisidae. These were then grouped by their foraging strategy and 
classified as either ‘web building’ or ‘active hunting’ families. 
 
Invertebrates from all canopy and mid-row samples were pooled within each site for analysis. Each of 
the invertebrate groups achieved a best fit using either Poisson or negative binomial distribution and 
was modeled accordingly using a generalised linear mixed model (GLIMMIX) to determine the effect 
of treatment (‘light’ and ‘dark’) on abundance. ‘Orchard’ and ‘treatment’ were assigned as fixed factors 
while ‘month’ and ‘site’ were assigned as random factors.  
 
Insect count data was checked for over-dispersion with a Pearson test for the least squares means; none 
were significantly over-dispersed.  
 
All analyses were done with SAS Enterprise Guide 4.3 and confidence levels for rejecting the null 
hypothesis were set at 95%.  
 
Predation study  
Two discrete studies, (November 2012 and April 2013), were done to determine the effect of treatment 
(‘light’ and ‘dark’) on predation levels of sentinel fruitspotting bug eggs. In each study, six trees 
(varieties 344 or 741) within each site were arbitrarily chosen to attach three sentinel A. nitida egg-
cards. Each egg-card consisted of four previously frozen A. nitida eggs, glued within the corrugations 
of a 5 × 2 cm piece of corrugated cardboard using small drops of water-based latex adhesive. All eggs 
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were checked for cracks using a microscope before gluing, and only eggs less than one month old were 
used. The eggs were glued on to cards two days before each trial, and, once eggs were glued, egg-cards 
were packed within airtight bags and refrigerated.  
 
Within each tree three egg-cards were stapled to the undersides of three macadamia leaves, each on one 
of the lower branches and within 1 m of each other. The three egg-cards were treated in different ways: 
one egg-card was enclosed in a fine nylon mesh (210 µm aperture) bag to prevent both predators and 
parasitoids (‘exclusion bag’); one egg-card was covered by an open sleeve made of the same fine nylon 
mesh, which allowed access to both predators and parasitoids (‘open bag’), whilst creating similar 
environmental conditions to those in the ‘exclusion’ bag; the third egg-card was left exposed without 
any covering (‘no bag’). The ‘exclusion bag’ effectively acted as a control because any dislodged eggs 
due to wind/rain could be retrieved from within the bag, from this the number of missing eggs from the 
‘open bag’ or ‘no bag’ due to wind/rain could be estimated. It was assumed that predation rates of 
parasitised eggs are equal to those of unparasitised eggs. Due to the similar size of ants and common 
parasitoids of A. nitida predators could not be exclude from sentinel egg-cards while allowing access 
by parasitoids, hence it was not possible to conduct a sole assessment of parasitism rates of A. nitida 
eggs.  
 
Egg-cards were left in the field for four days before they were collected. Eggs that were fed upon could 
be positively identified under microscope examination because some, or most, of the chorion was still 
attached to the glue. Eggs that had fallen off due to wind/rain had been cleanly separated from the glue 
and as such were clearly distinguishable from those that had been fed upon. Total numbers of ‘fallen’ 
and ‘predated’ eggs were recorded for each ‘bag’.  
 
Eggs from each of the six ‘exclusion-bags’, ‘open-bags’ and ‘no-bags’ per site were pooled for 
analyses. Mean proportions of available eggs eaten from egg-cards in ‘light’ and ‘dark’ sites were 
calculated for each orchard and each time period separately; for analyses these were transformed using 
square root arcsine so the assumption of normality was met. ‘Exclusion-bag’ egg-cards were not 
exposed to predation and, as all eggs could be recovered no adjustments were made to the egg recovery 
data from the ‘open bag’ and ‘no bag’ treatments prior to analysis. Two-way analyses of variance 
(ANOVA) were used to determine differences in proportional predation in both bag types (‘open bag’ 
and ‘no-bag’), as well as between treatments (‘light’ and ‘dark’). If there was no significant effect of 
bag type, the data from both bags were combined and the effect of treatment alone was determined.   
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Analyses were done using StatView version 5.0 and confidence levels for rejecting the null hypothesis 
were set at 95%. 
 
Assessment of nut damage levels within ‘light’ and ‘dark’ sites within orchards 
To assess whether there were lower levels of damage to macadamia nuts by A. nitida in ‘open’ mid-row 
canopy orchards with flowering ground-cover vegetation compared to ‘closed’ mid-row canopy 
orchards with no ground-cover vegetation, six trees (variety 344) within each site were randomly 
chosen. Nut samples were taken once a month for eight months from November 2012 until June 2013, 
the main fruiting and harvest season. Two different methods for sampling nut damage were used for 
pre-harvest and harvest-ready nuts. Each month during the pre-harvest period (from November until 
February) freshly fallen nuts were collected from beneath each of the selected trees and dissected every 
second day, three consecutive times, after initially counting and discarding all nuts that had previously 
dropped beneath each tree. This method was used because during the pre-harvest period soft husks and 
shells of developing nuts meant nuts were often rotten and badly damaged after approximately two 
days and insect damage became unidentifiable. During the harvest period when nuts were fully 
developed, (March until June), all fallen nuts were collected from beneath each of the selected trees 
once a month, counted and dissected. Each nut was classified as either having A. nitida damage, or not. 
A. nitida damage is easily distinguishable from other pest damage in macadamia nuts as it manifests as 
large, transparent and jelly-like spots on the kernel, that finally shrivel to become dry and brown within 
the husk (Brimblecombe 1948).  
 
Nut damage data was separated into two discrete time periods for analyses; 1) November until 
February and 2) March until June. To compare levels of nut production in ‘light’ and ‘dark’ treatments, 
as well as between the two orchards, a generalised linear model was used with type 3 sums of squares 
estimates. A generalised linear model with a Logit link function was used to determine whether there 
were more trees with A. nitida damage in ‘dark’ or ‘light’ treatments, using a binary response (0 = nuts 
undamaged, 1 = nuts damaged). We then asked whether the damage within trees was more extensive in 
‘light’ or ‘dark’ sites within the orchards. Trees without nut damage were removed from this analysis 
and the proportion of damaged nuts were assessed using a logistic regression.  
 
All analyses were done with SAS Enterprise Guide 4.3 and confidence levels for rejecting the null 
hypothesis were set at 95%.  
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Results 
Abundance of beneficial and pest invertebrates in ‘light’ and ‘dark’ sites within orchards 
From both ‘light’ and ‘dark’ sites in the two orchards, a total of 4207 individual beneficial and 1160 
individual pest arthropods were collected; 847 beneficial and 1030 pests from the canopy and 3360 
beneficial and 130 pests from the mid-row. In the canopy, the most commonly collected beneficial 
arthropods were spiders (432), parasitoid wasps (257), brown lacewings (75) and ants (44), while in the 
mid-row the most commonly collected beneficial arthropods were parasitoid wasps (2160), spiders 
(1028) and ants (86). Of the spiders that could be identified taxonomically from the canopy and mid-
row, more web-builders (289 and 493 respectively) were collected than active hunters (92 and 102 
respectively). As would be expected, tree canopies harboured the majority of pest arthropods with 658 
lace bugs and 325 leafminers collected from the tree canopy compared to 61 ‘other Lepidoptera’, 40 
lace bugs and 23 leafminers from the mid-row. Mean numbers of each beneficial and pest invertebrate 
group collected per site from tree canopies and mid-rows can be found in Appendix 4.  
 
Beneficial and pest invertebrate abundance in tree canopies 
A Poisson regression was used to predict the abundance of beneficial and pest invertebrates in tree 
canopies. Treatment significantly affected beneficial but not pest invertebrates (F1, 45 = 13.84, P = 
0.0005) and (F1, 10 = 1.99, P = 0.1889) respectively (Figure 3.3). Holding other factors constant, tree 
canopies in ‘light’ sites had significantly more beneficial invertebrates than tree canopies in ‘dark’ 
sites.  
 
For individual beneficial invertebrate groups from tree canopies, a Poisson regression model was used 
to predict the abundance of parasitoids and spiders while a negative binomial regression model was 
used to predict the abundance of brown lacewings. Treatment significantly affected parasitoids (F1, 41 = 
7.23, P = 0.0104) and brown lacewings (F1, 13 = 8.03, P = 0.0144), but not spiders (F1, 10 = 2.16, P = 
0.1727) (Figure 3.3). However, when spiders from the tree canopy were separated into ‘web-building’ 
and ‘active-hunting’ spiders, there was a significant effect of treatment on the abundance of active-
hunting spiders (F1, 46 = 22.58, P < 0.0001), but not web-building spiders (F1, 9 = 0.02, P = 0.9045). 
Holding other factors constant, there was a significantly greater abundance of parasitoids, brown 
lacewings and active-hunting spiders in tree canopies of ‘light’ sites than ‘dark’ sites.  
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For individual pest invertebrate groups from tree canopies, a Poisson regression was used to predict the 
abundance of lace bugs while a negative binomial regression was used to predict the abundance of 
leafminers. Treatment significantly affected lace bugs (F1, 9 = 10.35, P = 0.0106), but not leafminers 
(F1, 11 = 2.19, P = 0.1667) (Figure 3.3). Holding other factors constant, there were significantly more 
lace bugs in tree canopies of ‘dark’ compared to ‘light’ sites.  
 
Beneficial and pest invertebrate abundance in mid-rows 
For mid-row invertebrates, a Poisson regression was used to predict the abundance of beneficial 
invertebrates while a negative binomial was used to predict the abundance of pest invertebrates. 
Treatment significantly affected beneficial (F1, 40 =194.75, P < 0.0001) and pest (F1, 46 =39.18, P < 
0.0001) arthropods (Figure 3.3). Holding other factors constant, there was a significantly greater 
abundance of beneficial and pest arthropods in mid-rows of ‘light’ than ‘dark’ sites.  
 
For individual beneficial invertebrate groups from mid-rows, a Poisson regression was used to predict 
the abundance of parasitoids and spiders while a negative binomial regression was used to predict the 
abundance of ants. Treatment significantly affected parasitoids (F1, 46 =133.45, P < 0.0001), spiders (F1, 
9 = 73.26, P < 0.0001) and ants (F1, 16 =8.70, P = 0.0093) (Figure 3.3). Holding other factors constant, 
there was a significantly greater abundance of parasitoids, spiders and ants in mid-rows of ‘light’ sites 
than ‘dark’ sites. When spiders were separated into ‘web-building’ and ‘active-hunting’ spiders, 
treatment significantly affected both groups; (F1, 8 = 63.89, P < 0.0001) and (F1, 28 = 22.01, P < 0.0001) 
respectively. Holding other factors constant, there was a significantly greater abundance of both ‘web-
building’ and ‘active-hunting’ spiders in mid-rows of ‘light’ sites than ‘dark’ sites.  
 
For individual pest invertebrate groups from mid-rows, a negative binomial regression model was used 
to predict the abundance of lace bugs, leafminers and other Lepidoptera. Treatment significantly 
affected leafminers (F1, 46 = 7.03, P = 0.0109) and other Lepidoptera (F1, 10 = 12.49, P = 0.0053), but 
not lace bugs (F1, 2 = 6.90, P = 0.0994). Holding other factors constant, there was a significantly greater 
abundance of leafminers and other Lepidoptera in mid-rows of ‘light’ sites compared to ‘dark’ sites.  
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Figure 3.3. Mean number (±SE) of total and individual beneficial and pest invertebrate groups 
collected per site in both the tree canopy and the mid-row of ‘dark’ (■) and ‘light’ (■) sites within 
orchards. Stars (*) indicate a significant difference, P < 0.05, between treatments for each invertebrate 
group. 
 
Predation study  
Predation rates of sentinel A. nitida eggs were highly variable in space and time and between 
treatments. The overall mean predation rate (± SE) of A. nitida eggs was 0.14 (± 0.04) for ‘open-bags’ 
and 0.32 (± 0.05) for ‘no-bags’. Maximum predation rates of A. nitida eggs were 0.71 for ‘no-bags’ and 
0.67 for ‘open-bags’, while the minimum rates were zero for both bag types.  
 
At orchard 1 in November, bag type did not significantly affect egg predation (F1, 8 = 3.32, P = 0.1059). 
When eggs from ‘open-bags’ and ‘no-bags’ were pooled, the effect of treatment on egg predation was 
significant (F1, 10 = 9.60, P = 0.0113). Eggs in ‘light’ sites had significantly higher levels of predation 
compared to eggs in ‘dark’ sites (Figure 3.4). At orchard 1 in April, the effect of bag type on egg 
predation was also non significant (F1, 8 = 1.70, P = 0.2287), and when eggs from ‘open-bags’ and ‘no-
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bags’ were pooled the effect of treatment on egg predation was not significant (F1, 10 = 2.751, P = 
0.1282) (Figure 3.4). 
 
At orchard 2 in November, the effect of bag type had a significant effect on levels of egg predation (F1, 
8 = 10.539, P = 0.0118). Eggs with no bag around them had significantly higher levels of predation 
than eggs in ‘open-bags’. However, the effect of treatment on levels of egg predation was not 
significant (F1, 8 = 2.675, P = 0.1406) (Figure 3.4). At orchard 2 in April, the effect of bag type on egg 
predation was not significant (F1, 8 = 1.754, P = 0.3481), and when eggs from ‘open-bags’ and ‘no-
bags’ were pooled the effect of treatment on egg predation was also non-significant (F1, 10 = 0.792, P = 
0.3944). 
 
 
Figure 3.4. Mean proportion (±SE) of available sentinel eggs eaten in ‘open bag’ and ‘no bag’ types 
within ‘dark’ (■) and ‘light’ (■) sites at orchard 1 and orchard 2 in November and April. Stars (*) 
indicate a significant difference, P < 0.05, between treatments for each bag type. 
 
Assessment of nut damage levels within ‘light’ and ‘dark’ sites within orchards  
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Over the entire season, from November until June, total nut yield was significantly higher in ‘light’ 
than ‘dark’ sites, with 31,209 nuts and 21,618 nuts respectively being produced from 36 trees in each of 
the two orchards, (72 total trees) (F1, 574 = 8.96, P = 0.0029) (Table 3.1). The proportion of nuts that fell 
from trees in ‘light’ compared to ‘dark’ sites was even greater during the period from March until June 
(reflecting final yields), with a significantly different 16,224 nuts in ‘light’ sites compared to 7,612 nuts 
in ‘dark’ sites (F1, 286 = 12.61, P = 0.0004). Nut production was significantly lower in orchard 1 than 
orchard 2, regardless of treatment (F1, 574 = 69.16, P < 0.0001). From November until June, orchard 1 
produced approximately one third the number of nuts that orchard 2 produced, with a yield of 13,729 
nuts compared to 39,098 nuts, respectively.  
 
From November to February, there was no significant difference between ‘light’ and ‘dark’ sites in 
terms of the number of trees with nut damage by A. nitida (DF = 1, P = 0.2320). However, of the trees 
that had A. nitida damage, the extent of damage was significantly higher in ‘dark’ than ‘light’ sites (DF 
= 1, P < 0.0001) (Figure 3.5), with 1.4 times greater chance of nut damage occurring in trees in ‘dark’ 
than ‘light’ sites.  
 
From March to June, the number of trees with any nut damage by A. nitida (DF = 1, P = 0.0192) and 
the extent of nut damage (DF = 1, P = 0.0058) was significantly greater in ‘dark’ than ‘light’ sites 
(Figure 3.5). During this time period, trees in ‘dark’ sites had 1.2 times greater chance of having nut 
damage than trees in ‘light’ sites.  
 
 
Figure 3.5. Mean proportion (±SE) of damage to nuts by A. nitida where nut damage was present in 
trees in ‘light’ and ‘dark’ sites within orchards. Stars (*) indicate a significant difference, P < 0.05, 
between treatments. 
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Table 3.1. Nut yield and nut damage levels by A. nitida during pre-harvest and post-harvest periods at orchard 1 and 2 combined. 
Temporal 
period 
Treatment Number of 
trees sampled 
Total number of 
fallen nuts 
Number of 
sampled nuts 
Percentage of sampled 
nuts with A. nitida damage 
Estimated number of total fallen 
nuts with A. nitida damage 
Nov-Feb Dark 36 14006 4747 31% 4327 
 Light 36 14985 5068 35% 5240 
       
Mar-Jun Dark 36 7612 7612 7% 563 
 Light 36 16224 16224 6% 1015 
       
Nov-June Dark 36 21618 12359 19% 4138 
 Light 36 31209 21310 21% 6433 
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Discussion 
This study highlights several specific benefits of maintaining ‘light’ macadamia orchards with a 
diverse mixture of flowering mid-row ground-cover vegetation. Compared to ‘dark’ orchard 
conditions, ‘light’ orchards with a diverse mix of flowering vegetation in the mid-rows harboured a 
significantly higher abundance of beneficial invertebrates, both in the tree canopy and in the mid-
row (Figure 3.3). These beneficial invertebrates were predominantly parasitic wasps, spiders and 
brown lacewings, but they also included individuals from predatory coleopteran families such as 
Carabidae, Staphylinidae and Coccinellidae, as well as green lacewings (Neuroptera: Chrysopidae), 
and assassin bugs (Hemiptera: Reduviidae). Macadamia lace bugs (U. concava), one of the most 
economically damaging pests to Australian macadamia (Ironside 1981), were also found to be 
significantly less abundant in canopies of ‘light’ sites compared to ‘dark’ sites. Nut damage by A. 
nitida was also less severe in several ways in ‘light’ compared to ‘dark’ sites. Specifically, 
significantly more nuts were retained on trees until harvest in ‘light’ than ‘dark’ sites (Figure 3.5). 
 
Interestingly, while A. nitida nut damage was found in ‘light’ and ‘dark’ sites of both orchards, no 
individual A. nitida were actually collected using the vacuum sampling or beat sampling (results not 
shown). The lack of A. nitida in invertebrate samples from macadamia orchards may reflect their 
naturally low population densities (Danne et al. 2014) but may also reflect this species’ habitat use 
and behaviours that allow them to avoid capture. For instance, this species may prefer to feed 
higher in the trees, where they could not be effectively sampled with the vacuum.  
 
Predation rates of A. nitida eggs were quite high within the four days they were left out in the 
orchards. This is surprising because so few egg predators of fruitspotting bugs have been formally 
identified; coastal brown ants, Pheidole megacephala Fabricius (Hymenoptera: Formicidae), are the 
only species found in NSW that have been recorded feeding on Amblypelta spp. eggs (Ironside 
1978). In an initial field trial for Anastatus sp. (Hymenoptera: Eupelidae) as an egg parasitoid of A. 
l. lutescens, predation rates of approximately 13% were recorded on sentinel A. l. lutescens eggs 
placed within blocks of macadamias at a research station in north Queensland (Fay & De Faveri 
1997), and they attributed this to ants though did not specify which species. In preliminary 
laboratory trials, predatory coccinellid (Coleoptera) species did not eat sentinel A. nitida eggs even 
when starved and offered only A. nitida eggs. More research is needed to identify predators of the 
various life stages of A. nitida, and the egg stage, in particular, given the value of such potential 
predators as biological control agents.  
 
It is not surprising that there was no clear pattern of sentinel A. nitida egg predation attributable to 
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orchard management because only two discrete studies were conducted. A clearer picture of A. 
nitida egg predation habits may have been seen had we conducted regular studies throughout the 
macadamia growing season. It is also possible that vacuum suction sampling did not sample the 
guild of predators that attack A. nitida eggs in macadamia orchards, and that larger invertebrates 
were responsible for the predation seen in in our results.  
 
The pests sampled in greatest abundance during this study were lace bugs and leafminers. Lace 
bugs were significantly more abundant in the canopies of ‘dark’ than ‘light’ sites, whilst leafminer 
abundance was somewhat higher in tree canopies of ‘light’ than ‘dark’ sites. In the case of 
leafminers, their scarcity within tree canopy samples from ‘dark’ sites is most likely due to the lack 
of leaves in the lower parts of the trees where the sampling took place, because juvenile leafminers 
feed on the leaves and adults feed on floral resources (Ironside 1981), such as those provided in the 
mid-rows of ‘light’ sites. The macadamia lace bug, however, feeds on the macadamia flower. Adult 
lace bugs lay their eggs inside the unopened florets and the nymphal lace bugs kill the developing 
flower from within (Quinlan 2011). After the flowering period, overwintering lace bugs are thought 
to remain under the bark of the tree, though it is not known which life stage overwinters. It is 
possible that the increased numbers of brown lacewings found within ‘light’ sites of the two 
orchards helped reduce lace bug populations, as lacewing larvae feed on this pest (A Govender pers. 
obs.). Another possible explanation for seeing smaller lace bug populations in ‘light’ sites is that the 
tree canopies between rows did not touch, preventing extensive dispersal of nymphs between trees. 
This example of two pests of a cropping system responding in opposite ways to management 
strategies within the crop highlights the importance of understanding the biology of the most 
important suite of pest and beneficial species prior to implementing a change in a cropping system.  
 
The inter-rows of macadamia orchards are ideal spaces to provide habitat and resources sufficient 
enough to support a permanent population of natural enemies that can exert a rapid and numerical 
response to herbivore density within tree canopies (Tscharntke et al. 2007). Disturbance to these 
spaces by vehicles are, of course, unavoidable, however, the impact of significant and regular 
disturbances to natural enemies by practices such as mowing can be reduced by strip, or alternate-
row, mowing (Lu et al. 2008). Allowing mid-row vegetation to flower, by mowing less frequently 
or higher above the ground, may help maintain an increased diversity of flowering species 
(Toyoshima & Takanashi 2007), which is likely to support greater arthropod diversity than 
vegetation with few flowering resources (Duelli & Obrist 1998).  
 
Conclusion 
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The findings of this study demonstrate some of the complexities involved in habitat management 
for biological pest control. In this instance, where open mid-row macadamia canopy orchards with a 
diverse mix of flowering ground-cover vegetation were compared with closed mid-row canopy 
orchards with no ground cover vegetation, the abundance of a major pest, the macadamia lace bug 
(U. concava), was significantly lower in ‘light’ compared to ‘dark’ orchard conditions, while the 
abundance of another pest, the macadamia leafminer (A. chionosema) was somewhat higher in 
‘light’ compared to ‘dark’ orchard conditions. In terms of nut damage by A. nitida, there were small 
but significant decreases in levels of damage in ‘light’ compared to ‘dark’ orchards, which is still 
important for the management of this notoriously hard to control pest. These challenges in the field 
of habitat management for biological control are important to note, and lead the field of agricultural 
ecology closer to providing helpful answers to farmers.  
 
One clear benefit of this orchard management strategy is that more nuts are produced under ‘light’ 
compared to ‘dark’ orchard conditions. So, while macadamia growers are increasingly being 
encouraged to increase ‘light’ within their orchards for better soil and tree health, this study 
provides strong evidence that maintaining open mid-row macadamia canopy orchards with a 
diverse mix of flowering ground-cover vegetation is likely to improve production outcomes for this 
orchard crop. The results from this study are important for understanding how to maximise 
macadamia production under organic growing practices in Australia and results contribute to a 
growing literature on biological pest control as an ecosystem service.   
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Chapter 4: Effects of constant rearing temperatures on the development and survival of 
Amblypelta nitida Stål, A. l. lutescens Distant (Hemiptera: Coreidae) and the egg parasitoid, 
Anastatus sp. (Hymenoptera: Eupelmidae) 
 
Introduction 
The fruitspotting bug, Amblypelta nitida Stål and the banana-spotting bug, A. lutescens lutescens 
Distant (Hemiptera: Coreidae) are polyphagous native insects that are pests of a large range of 
tropical and subtropical fruit and nut crops on the east coast of Australia (Danne et al. 2014). 
Collectively they are referred to as fruitspotting bugs and they are economically damaging to crops 
including avocado, custard apple, papaya, cashew, cocoa, durian, guava, kiwifruit, lychee, low-chill 
stonefruit, persimmon and macadamia (Fay et al. 2009). The life cycles of both A. nitida and A. l. 
lutescens consist of an egg and five nymph stages before the development of the imago (Ironside 
1978). Both A. nitida and A. l. lutescens feed on flowers and fruit, and A. l. lutescens also feeds on 
the terminal growth of papaya, mango, cashews and macadamia plants (Fay 2002). When feeding, 
fruitspotting bugs inject salivary sucrose into the plant tissue, which generates an osmotically 
driven outflow from the surrounding cells, often leaving sunken lesions from the collapsed cells 
(Miles 1987, Miles & Taylor 1994). Fruitspotting bugs damage plant tissue both as nymphs and 
adults so, to reduce crop damage, management of eggs or early instar nymphs is desirable. 
Insecticides remain the primary method of control for fruitspotting bugs in Australia (Maddox et al. 
2002), however, the possibility of developing integrated pest management strategies, including 
biological control, is now being explored (Danne et al. 2014). 
 
Despite the significance of fruitspotting bugs as pests, little is known about the effect of 
temperature on their growth and development. Waite (2000) showed that A. l. lutescens took longer 
to develop than A. nitida at three constant temperatures, 20, 25 and 30°C, but investigation of a 
wider range of temperatures is required to more accurately estimate lower developmental threshold 
temperatures and the thermal constants (degree-days, DD) for the two species. 
 
Few studies have investigated the effects of temperature on the development and survival of Coreid 
species. In Tasmania, Australia, Steinbauer (1997) found that the minimum developmental 
threshold temperatures for eggs of Amorbius obscuricornis (Westwood) and Gelonus tasmanicus 
(Le Guillou), two Eucalypt-feeding coreids, were 11.8 and 10.8°C respectively, and that the 
corresponding degree-days required to complete development were 147 and 136. Egwuatu & 
Ajibola Taylor (1977) found that mean immature development times of the legume pest 
Acanthomia (= Clavigralla) tomentosicollis Stål (Hemiptera: Coreidae) decreased with increasing 
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temperature (43 days at 20°C and 12 days at 36°C). Total immature mortality of A. tomentosicollis 
ranged between 23% and 63% at the eight study temperatures (20-36°C), with highest immature 
mortality occurring at 20°C (63%) and 36°C (56%) (Egwuatu & Ajibola Taylor 1977). Similarly, 
Fargo & Bonjour (1988) showed that mean immature development times for the cucurbit pest 
Anasa tristis DeGeer (Hemiptera: Coreidae) decreased from 79 days at 20°C to 24 days at 33.3°C. 
Total immature mortality at temperatures between 20 and 33.3°C was generally very low, except at 
20°C where only 3% of the initial cohort survived to adult. The lower temperature threshold for A. 
tristis was 15.6°C, and it was estimated that it would take 376.5 degree-days to complete neonate to 
adult development (Fargo & Bonjour 1988).  
  
A hymenopteran parasitoid, Anastatus sp. (Eupelmidae), was among a suite of parasitoids collected 
from eggs of A. l. lutescens in north Queensland in 1993 (Fay & Huwer 1993). In glasshouse trials 
the species caused high rates of parasitism in A. l. lutescens eggs and it can be reared in factitious 
hosts (Fay & De Faveri 1997); its potential for biological control is currently being explored (Danne 
et al. 2014) but no information on its thermal requirements for development are currently available. 
 
This is the first study on the developmental biology of Anastatus sp. attacking A. nitida in Australia, 
although a previous study investigated the temperature relationships between Anastatus biproruli 
and its host, Biprorulus bibax (Hemiptera: Pentatomidae) (James 1993). Understanding the effects 
of temperature on the developmental biology of Anastatus sp. is a fundamental step for mass 
rearing and release programs for biological control of Amblypelta spp. Temperature significantly 
affected the longevity and fertility of adult Anastatus semiflavidus Gahan, an egg parasitoid of the 
range caterpillar, Hemileuca oliviae Cockerell (Lepidoptera: Saturnidae) (Mendel et al. 1987). 
Anastatus semiflavidus did not oviposit at temperatures ≤ 15°C, but the intrinsic rate of increase 
increased with increasing temperature between 20 and 35°C (Mendel et al. 1987). The effectiveness 
of A. semiflavidus as a biological control agent of H. oliviae is thus likely to be affected by cold 
temperatures. In New Mexico, peak H. oliviae oviposition occurs between September and 
November; A. semiflavidus parasitism rates are likely to be higher earlier in this period and may be 
significantly depressed in years experiencing cold autumn temperatures (Mendel et al. 1987). 
 
The objectives of this study were to investigate the effects of a range of constant rearing 
temperatures (10-35°C) on the development rate and survival of A. nitida and A. l. lutescens and the 
effects of a more limited range of temperatures (17.5-30°C) on their egg parasitoid, Anastatus sp. 
The data was then used to estimate the lower developmental threshold and thermal constant for each 
species.  
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Materials and Methods 
Insects 
Amblypelta nitida and A. lutescens lutescens were obtained from BioResources Pty. Ltd., Samford, 
Queensland, Australia and originated from cultures established from adult insects collected in 
northern New South Wales and northern Queensland respectively. Separate cultures were prepared 
by placing approximately 30 pairs of adults of each species into a different wooden framed cage 
that consisted of three separate sections; a bottom and an upper frame (each 40 cm × 40 cm × 4 
cm), each supporting a single layer of fibreglass mesh (mesh size 0.25 mm2) (Cyclone®, 
Melbourne, Victoria) and a middle section (40 cm × 40 cm × 10 cm). The three sections were held 
in place by rubber bands that passed through hooks on the external sides of each section. The 
fiberglass mesh provided ventilation and an oviposition substrate. Insects were fed commercially 
sourced green beans (Phaseolus vulgaris L.) that had been washed in detergent and rinsed in tap 
water. Beans were secured within twisted rubber bands attached to hooks inside the cages and 
changed daily. Cultures of both species were maintained in an incubator at 27 ± 2°C, 80 ± 2% RH, 
12:12 (L:D)h and freshly eclosed adults of the appropriate species were added regularly to each to 
maintain egg production. Both A. nitida and A. l. lutescens tend to lay eggs on the upper fiberglass 
mesh surface in the cages, so eggs were harvested by turning the cage upside down and then 
positioning a light source directly above it to attract bugs to the new upper mesh surface. The lower 
frame was then removed and replaced with a clean frame containing fresh beans. Eggs were 
removed from the cage by levering them off the fibreglass mesh, beans or wooden frame using a 
small piece of flexible plastic sheet. Eggs were harvested in this manner daily and were used 
immediately in experiments. Frame sections were cleaned using a dilute bleach solution and warm 
water before being reused.   
 
Anastatus sp. was originally collected from parasitised A. l. lutescens in coastal areas of northern 
Queensland. They were mass-reared on imported sterile Chinese oak silkmoth eggs, Antheraea 
pernyi Guérin-Méneville (Lepidoptera: Saturniidae) and supplied as parasitised silkmoth eggs glued 
to cardboard sheets (BioResources Pty. Ltd. Samford, Queensland, Australia). Rearing cages 
consisted of a wooden, glass-topped box (30 × 40 × 120 cm) with fiberglass mesh sides for 
ventilation. The culture was maintained in a temperature controlled room at 25 ± 1°C, 80% RH, 
12:12 (L:D)h and adult wasps fed honey and a solution of saturated sucrose. 
 
Development and survival of A. nitida and A. l. lutescens at constant temperatures  
Immature development and mortality rates for A. nitida and A. l. lutescens were investigated at six 
constant temperatures: 10, 15, 20, 25, 30 and 35°C. Eggs of each species were collected between 
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08:00 and 10:00 daily and transferred individually into labeled 70 ml plastic containers, the open 
ends of which were covered by fine nylon mesh was that was secured in place with a rubber band. 
Each container was placed into a controlled temperature cabinet at one of the six constant 
temperatures (± 2°C), RH  40%, 12:12 (L:D)h (fluorescent light, 120 microEinsteins). 
Approximately 120 eggs of each species were set up per temperature. Upon egg hatch, each neonate 
nymph was provided with half a washed green bean and a water-saturated dental wick; beans and 
wicks were then changed every 3-4 days. Individual eggs/ nymphs were monitored daily from egg 
hatch until adult eclosion to record mortality and moulting times. 
 
Development and survival of Anastatus sp. at constant temperatures  
Immature development and mortality rates of Anastatus sp. developing in eggs of A. nitida were 
recorded at six constant temperatures, 17.5, 20, 22.5, 25, 27.5 and 30°C. Newly emerged male and 
female Anastatus sp. were allowed to mate overnight in a mesh cage (30 × 30 × 40 cm) at 25 ± 2°C, 
80% RH, 12:12 (L:D)h, and provided with water soaked cotton wicks and honey as a food source. 
The next day, female Anastatus sp. were individually transferred into labeled 70 ml plastic, the 
open ends of which were covered by fine nylon mesh was that was secured in place with a rubber 
band. A 1-2 day old A. nitida egg was placed into each container with the female Anastatus sp. and 
the insects were transferred to an incubator at 25 ± 2°C, 80% RH, 12:12 (L:D)h for oviposition. 
After 24 hours, female Anastatus sp. were removed from containers. The parasitoid-exposed eggs 
produced in this way were then randomly allocated to one of the constant temperatures, and held in 
a controlled temperature cabinet (± 2°C), RH  40%, 12:12 (L:D)h (fluorescent light, 120 
microEinsteins). Approximately 200 Anastatus sp. exposed eggs were placed at each temperature; 
they were monitored daily and the date of adult Anastatus sp. emergence from each was recorded. 
Approximately one month after the first adult hatched from eggs at a given temperature all 
remaining eggs were dissected and examined for dead Anastatus sp. larvae, pupae or pharate adults. 
 
Statistical analysis  
The effect of temperature on the pre-imaginal development rates of A. nitida, A. l. lutescens and 
Anastatus sp. were investigated using linear regression analyses (SAS Enterprise Guide 4.3) and 
appropriate lower threshold temperatures (Tmin) and degree-day (DD) requirements for development 
estimated. 
 
Results 
Development and survival of A. nitida and A. l. lutescens at constant temperatures  
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Ambylpelta nitida did not complete pre-imaginal development at temperatures below 20°C or above 
30°C and no A. nitida eggs hatched at either 10 or 35°C (Table 4.1; Figure 4.1). At the remaining 
test temperatures, 44, 82, 89 and 88% of A. nitida eggs hatched at 15, 20, 25 and 30°C respectively 
(Table 4.1). 
 
Some A. nitida individuals (n = 9; 7% of test insects) completed development to the 2nd instar at 
15°C, but none completed development to the third instar (Table 4.1; Figure 4.1a). Total immature 
A. nitida survivorship was highest at 30°C and 47% of the initial cohort completed pre-imaginal 
development at this temperature. At the three temperatures at which A. nitida completed 
development, mortality was highest during the 2nd instar (Table 4.1; Figure 4.1b-d).  
 
Similarly A. l. lutescens did not complete pre-imaginal development at temperatures at below 20°C 
or above 30°C and no A. l. lutescens eggs hatched at 10°C (Table 4.2). At the remaining test 
temperatures, 5, 95, 92, 88 and 37% of A. l. lutescens eggs hatched at 15, 20, 25, 30 and 35°C 
respectively (Table 4.2). 
 
Only 5% of the A. l. lutescens eggs hatched at 15°C but all died as neonate larvae (Table 4.2; Figure 
4.2a). Total immature survivorship was highest at 30°C for A. l. lutescens and 62% of the initial 
cohort completed pre-imaginal development at this temperature. At the three temperatures at which 
A. l. lutescens completed development, mortality was highest during the 2nd instar (Table 4.2; 
Figure 4.2b-d).  
 
There was a significant linear relationship between temperature and development rate of immature 
insects at specific stages for both A. nitida and A. l. lutescens (Figures 4.3 and 4.4; Table 4.3). 
Estimated parameter values of the linear regression models, degree-day estimates and lower 
threshold for development temperature for each life stage of A. nitida and A. l. lutescens are 
presented in Table 4.3. The total durations for development from egg to adult (mean ± SE) for A. 
nitida were 86.7 ± 2.6, 63.5 ± 2.1 and 29.4 ± 3.0 days at 20, 25 and 30°C respectively. For A. l. 
lutescens, the total durations for development from egg to adult (mean ± SE) were 92.5 ± 2.3, 64.7 
± 1.6 and 30.8 ± 0.5 days at 20, 25 and 30°C respectively.  
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Table 4.1. Life tables for Amblypelta nitida reared from eggs at six constant temperatures. 
Temperature (°C) Life stage Mortality factor lx1 dx2 qx3 
10 Egg  125  1.000 
  non-viable egg/unknown  125  
 Adult  0   
      
15 Egg  126  0.556 
  non-viable egg/unknown  70  
 1st Instar  56  0.839 
  unknown  47  
 2st Instar  9  1.000 
  unknown  9  
 3rd Instar  0   
      
20 Egg  127  0.181 
  non-viable egg/unknown  23  
 1st Instar  104  0.077 
  unknown  8  
 2st Instar  96  0.531 
  unknown  51  
 3rd Instar  45  0.356 
  unknown  16  
 4th Instar  29  0.069 
  unknown  2  
 5th Instar  27  0.037 
  unknown  1  
 Adult  26   
      
25 Egg  140  0.114 
  non-viable egg/unknown  16  
 1st Instar  124  0.048 
  unknown  6  
 2st Instar  117  0.752 
  unknown  88  
 3rd Instar  30  0.167 
  unknown  5  
 4th Instar  25  0.080 
  unknown  2  
 5th Instar  23  0.130 
  unknown  3  
 Adult  20   
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Temperature (°C) Life stage Mortality factor lx1 dx2 qx3 
30 Egg  129  0.116 
  non-viable egg/unknown  15  
 1st Instar  114  0.035 
  unknown  4  
 2st Instar  110  0.236 
  unknown  26  
 3rd Instar  84  0.071 
  unknown  6  
 4th Instar  78  0.115 
  unknown  9  
 5th Instar  69  0.116 
  unknown  8  
 Adult  61   
      
35 Egg  127  1.000 
  non-viable egg/unknown  127  
 1st Instar  0   
1. lx, number of individuals living at beginning of a stage; 2. dx, number of individuals dying by end of a stage; 3. qx, 
proportion of the live individuals from the beginning of a stage that died by end of that stage. 
 
 
Figure 4.1a-d. Proportion of initial Amblyelta nitida cohort (n = 126-140) surviving over time 
(days) at: a) 15, b) 20, c) 25 and d) 30°C. 
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Table 4.2. Life tables for Amblypelta lutescens lutescens reared from eggs at six constant 
temperatures. 
Temperature (°C) Life stage Mortality factor lx1 dx2 qx3 
10 Egg  123 
 
1.000 
  non-viable egg/unknown  123  
 
Adult 
 
0 
    
15 Egg  123 
 
0.951 
  non-viable egg/unknown  117  
 
1st Instar 
 
6 
 
1.000 
 unknown  6  
 
2nd Instar 
 
0 
    
20 Egg  122 
 
0.049 
  non-viable egg/unknown  6  
 
1st Instar 
 
116 
 
0.086 
 unknown  10  
 
2st Instar 
 
106 
 
0.623 
 unknown  66  
 
3rd Instar 
 
40 
 
0.475 
 unknown  19  
 
4th Instar 
 
21 
 
0.143 
 unknown  3  
 
5th Instar 
 
18 
 
0.056 
 unknown  1  
 
Adult 
 
17 
    
25 Egg  122 
 
0.082 
  non-viable egg/unknown  10  
 
1st Instar 
 
112 
 
0.063 
 unknown  7  
 
2st Instar 
 
105 
 
0.448 
 unknown  47  
 
3rd Instar 
 
58 
 
0.259 
 unknown  15  
 
4th Instar 
 
43 
 
0.209 
 unknown  9  
 
5th Instar 
 
34 
 
0.088 
 unknown  3  
 
Adult 
 
31 
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Temperature (°C) Life stage Mortality factor lx1 dx2 qx3 
30 Egg  120 
 
0.125 
  non-viable egg/unknown  15  
 
1st Instar 
 
105 
 
0.086 
 unknown  9  
 
2st Instar 
 
96 
 
0.094 
 unknown  9  
 
3rd Instar 
 
87 
 
0.057 
 unknown  5  
 
4th Instar 
 
82 
 
0.061 
 unknown  5  
 
5th Instar 
 
77 
 
0.039 
 unknown  3  
 
Adult 
 
74 
    
35 Egg  134 
 
0.634 
  non-viable egg/unknown  85  
 
1st Instar 
 
49 
 
0.429 
 unknown  21  
 
2st Instar 
 
28 
 
0.893 
 unknown  25  
 3rd Instar  3  1.000 
  unknown  3  
 4th Instar  0   
1. lx, number of individuals living at beginning of a stage; 2. dx, number of individuals dying by end of a stage; 3. qx, 
proportion of the live individuals from the beginning of a stage that died by end of that stage. 
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Figure 4.2a-e. Proportion of initial Amblyelta lutescens lutescens cohort (n = 122-134) surviving 
over time (days) at: a) 15, b) 20, c) 25, d) 30 and e) 35°C. 
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Table 4.3. Estimated degree-day (DD), developmental threshold temperatures (Tmin) and corresponding linear regression parameters for individual and 
total immature life stages of Ambypelta nitida and A. lutescens lutescens. Standard error (SE) values for DD correspond with SE values for y-axis 
intercept values and SE values for Tmin correspond with SE values for the regression slope. 
  F value df P value R2 y-axis intercept      
(± SE) 
regression slope     
(± SE) 
DD  Tmin (°C) 
A. nitida         
 Egg 13300.0 1, 396 <0.0001 0.971 -0.101 (± 0.002) 0.009 (± 0.0001) 111.1 11.3 
 1st Instar 2741.2 1, 331 <0.0001 0.893 -0.386 (± 0.014) 0.029 (± 0.0006) 34.5 13.2 
 2nd Instar 204.2 1, 157 <0.0001 0.567 -0.305 (± 0.032) 0.017 (± 0.0012) 58.8 17.9 
 3rd Instar 198.1 1, 131 <0.0001 0.604     -0.226 (± 0.028) 0.014 (± 0.0010) 71.4 15.9 
 4th Instar 257.9 1, 117 <0.0001 0.690 -0.218 (± 0.024) 0.014 (± 0.0009) 71.4 15.5 
 5th Instar 706.5 1, 106 <0.0001 0.871 -0.183 (± 0.012) 0.012 (± 0.0004) 83.3 15.5 
 Egg-adult 743.3 1, 106 <0.0001 0.876 -0.038 (± 0.002) 0.002 (± 0.0001) 500 15.9 
A. l. lutescens         
 Egg 2860.1 1, 388 <0.0001 0.881 -0.150 (± 0.005) 0.011 (± 0.0002) 90.9 14.1 
 1st Instar 1302.2 1, 334 <0.0001 0.796 -0.322 (± 0.018) 0.025 (± 0.0007) 40.0 13.0 
 2nd Instar 229.5 1, 187 <0.0001 0.552 -0.227 (± 0.024) 0.013 (± 0.0009) 76.9 17.0 
 3rd Instar 259.7 1, 145 <0.0001 0.643 -0.280 (± 0.027) 0.016 (± 0.0010) 62.5 17.8 
 4th Instar 169.0 1, 128 <0.0001 0.571     -0.254 (± 0.031) 0.015 (± 0.0011) 66.7 17.1 
 5th Instar 455.9 1, 121 <0.0001 0.792     -0.175 (± 0.014) 0.011 (± 0.0005) 90.9 15.9 
 Egg-adult 620.8 1, 121 <0.0001 0.838 -0.042 (± 0.003) 0.003 (± 0.0001) 333.3 17.0 
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Figure 4.3a-g. Development rates (day-1) (±SE) of the life stages of Amblypelta nitida reared under 
constant temperatures: a) egg (F = 13300.0, P < 0.0001, R2 = 0.971), b) 1st instar (F = 2741.2, P < 
0.0001, R2 = 0.893), c) 2nd instar (F = 204.2, P < 0.0001, R2 = 0.567), d) 3rd instar (F = 198.1, P < 
0.0001, R2 = 0.604), e) fourth instar (F = 257.9, P < 0.0001, R2 = 0.690), f) fifth instar (F = 706.5, P < 
0.0001, R2 = 0.871) and g) egg to adult (F = 743.3, P < 0.0001, R2 = 0.876). 
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 Figure 4.4a-g. Development rates (day-1) (±SE) of the immature life stages of Amblypelta lutescens 
lutescens reared under constant temperatures: a) egg (F = 2860.1, P < 0.0001, R2 = 0.881), b) 1st instar 
(F = 1302.2, P < 0.0001, R2 = 0.796), c) 2nd instar (F = 229.5, P < 0.0001, R2 = 0.552), d) 3rd instar (F 
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= 259.7, P < 0.0001, R2 = 0.643), e) fourth instar (F = 169.0, P < 0.0001, R2 = 0.571), f) fifth instar (F 
= 455.9, P < 0.0001, R2 = 0.792) and g) egg to adult (F = 620.8, P < 0.0001, R2 = 0.838). 
 
Development and survival of Anastatus sp. at constant temperatures 
Anastatus sp. completed pre-imaginal development at all six constant temperatures investigated (Table 
4.4). Mortality of Anastatus sp. occurred at both the larval, pupal and pharate adult stages at most 
temperatures. At each rearing temperature the percentage of Anastatus sp. developing to adulthood was 
46% (17.5°C), 40% (20°C), 68% (22.5°C), 95% (25°C), 85% (27.5°C) and 99% (30°C). 
 
The development rate of pre-imaginal Anastatus sp. increased linearly with increasing temperature (F = 
1760.38; df = 1, 313; P < 0.0001; Figure 4.5). From the model, the lower threshold for development 
and degree-day requirements for Anastatus sp. to complete pre-imaginal development were estimated 
as 15.0°C and 233.7 DD respectively. The total durations for development from egg to adult (mean ± 
SE) for Anastatus sp. were 53.6 ± 2.1, 47.0 ± 1.9, 33.5 ± 0.4, 24.0 ± 0.3, 17.9 ± 0.3 and 16.2 ± 0.1 days 
at 17.5, 20, 22.5, 25, 27.5 and 30°C respectively. 
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Table 4.4. Partial life tables of Anastatus sp. reared in Amblypelta nitida eggs at six constant 
temperatures. 
Temperature (°C) Life stage Mortality factor lx1 dx2 qx3 
17.5 larval/pupal  11  0.182 
  unknown  2  
 pharate adult  9  0.444 
  unknown  4  
 adult  5   
      
20 larval/pupal  15   
  unknown  2 0.133 
 pharate adult  13   
  unknown  7 0.539 
 adult  6   
      
22.5 larval/pupal  117   
  unknown  30 0.256 
 pharate adult  87   
  unknown  7 0.081 
 adult  80   
      
25 larval/pupal  59   
  unknown  0 0 
 pharate adult  59   
  unknown  3 0.051 
 adult  56   
      
27.5 larval/pupal  101   
  unknown  10 0.099 
 pharate adult  91   
  unknown  5 0.055 
 adult  86   
      
30 larval/pupal  81   
  unknown  1 0.012 
 pharate adult  80   
  unknown  0 0 
 adult  80   
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1. lx, number of individuals living at beginning of a stage; 2. dx, number of individuals dying by end of a stage; 3. qx, 
proportion of the live individuals from the beginning of a stage that died by end of that stage. 
 
 
Figure 4.5. Development rates (day-1) (±SE) of pre-imaginal Anastatus sp. reared under constant 
temperatures. The expected response from the linear regression model is Y = 0.004X –0.064 (line). R2 = 
0.849. Standard errors of the y-axis intercept and the slope are 0.003 and 0.0001 respectively.  
 
Discussion 
As expected, temperature had a significant effect on the development and survival of fruitspotting bugs, 
A. nitida and A. l. lutescens, and their egg parasitoid, Anastatus sp. Both species of fruitspotting bug 
only completed immature development at temperatures between 20 and 30°C (Tables 4.1 and 4.2). 
Anastatus sp. completed pre-imaginal development within A. nitida eggs at all six study temperatures 
(17.5- 30°C) (Table 4.4).  
 
Interestingly, the developmental times for fruitspotting bug species, A. nitida and A. l. lutescens, differ 
quite considerably to those recorded by Waite et al. (2000). Waite et al. (2000) found that at all study 
temperatures A. nitida developed faster than A. l. lutescens, with mean development times of 63, 45 and 
30 days for A. nitida, and 79, 50 and 41 days for A. l. lutescens at 20, 25 and 30°C respectively. In this 
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study development times of A. nitida and A. l. lutescens were similar at 20, 25 and 30°C. Furthermore, 
at 20 and 25°C we recorded development times for A. nitida and A. l. lutescens that were much slower 
than those recorded by Waite (2000), while at 30°C the development rate we recorded for A. l. 
lutescens was much faster. The most obvious difference between the methodologies used in this study 
and Waite (2000) is the number of replicates (n = 28-87 in Waite (2000), compared to n > 120 in this 
study) and the variations between replicates. It is difficult to speculate further as other environmental 
variables such photoperiod, light intensity and humidity are not detailed by Waite (2000). 
 
There were clear contrasts between the developmental and survival rates in response to high and low 
temperatures between A. nitida and A. l. lutescens (Tables 4.1 and 4.2, Figures 4.3 and 4.4). For 
example, at 15°C some A. nitida individuals were able to complete development to the 2nd instar but no 
A. l. lutescens were able to do so (Tables 4.1 and 4.2) and at 35°C no A. nitida eggs hatched but some 
A. l. lutescens individuals completed development to the 3rd instar (Tables 4.1 and 4.2). Further, the 
estimated lower developmental threshold for A. nitida was 15.9 °C, while it was 17°C for A. l. 
lutescens (Table 4.3). Differences in temperature requirements for egg development were also detected 
at low temperatures for the two species; the lower threshold for development of A. nitida eggs was 
estimated at 11.3°C, while it was estimated at 14.1°C for A. l. lutescens. In contrast, no A. nitida 
hatched at 35°C (Table 4.1) but over a third of A. l. lutescens eggs hatched at this temperature (Table 
4.2). These differences are consistent with the southerly geographical distribution of A. nitida (≈34°S 
151°E- ≈ 23°S 150°E) and the more northerly distribution of A. l. lutescens (≈27°S 153°E- ≈10°S 
142°E) (Donaldson 1983; Danne et al. 2014). 
 
This is the first study on the effect of temperature on the development and survival of Anastatus sp. in 
Australia. Anastatus sp. development rates declined at both 17.5°C and 30°C, the two extreme study 
temperatures. In contrast, James (1993) found that development rates of A. biproruli increased linearly 
between 17.5 and 35°C. The lower developmental threshold temperature for Anastatus sp. was 
estimated to be 15.0°C (Figure 4.5), approximately 4°C higher than the threshold temperature for host 
A. nitida egg development but only 1°C higher than the threshold temperature for egg development of 
A. l. lutescens (Figure 4.3). In order to complete pre-imaginal development Anastatus sp. requires 233.7 
degree-days at temperatures above 15.0°C. For biological control programs, knowledge of the lower 
developmental threshold temperature for biological control agents and the degree-days for completion 
of pre-imaginal development above this temperature can be useful for selecting agents with similar 
climatic requirement to those of their hosts.  
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We chose to use a linear regression model to fit the response of development rate to temperature for all 
three species, and while this was the most appropriate model for the response of A. nitida and A. l. 
lutescens at only three or four temperatures, a non-linear model could also have described the 
relationship between temperature and development for Anastatus sp. because of the broader range of 
temperatures over which we recorded a response. Damos & Savopoulou-Soultani (2012) present an 
extended review on temperature-driven models for insect development, describing the strengths and 
weaknesses of those most commonly used, including several non-linear models. Whilst the linear 
model remains the most popular for describing development within a range of temperatures, the 
modified Lactin model (Lactin et al. 1995) is amongst the non-linear models favoured for providing 
estimates of the critical upper and lower temperatures that lie outside the linear range of temperatures 
(see Kim et al. (2009) and Rabinovich et al. (2006)).  
 
Caution must, of course, be taken in extrapolating laboratory-generated data to field situations where 
temperature fluctuations at the micro-environment of the insect are hard to measure, especially for 
insects with mobile immature stages that may exhibit, for example, ‘basking’ behavior (Steinbauer & 
Clarke 1998). In addition, degree-day models assume that development rate is only a function of 
temperature, which is incorrect. For example, preliminary findings suggest that A. l. lutescens nymphs 
may develop faster on papaya plants than when fed green beans (Huwer 1996). Photoperiod and 
humidity also affect insect development (Rahim et al. 1991, Steinbauer 1997, Sakashita et al. 1997, 
Wang et al. 2013, Zerbino et al. 2013), as may the stress-related factors of density and competition. 
However, because the effects of these factors are difficult to quantify and are less strong than 
temperature effects they are typically not considered in degree-day models. 
 
There are several improvements and extensions that could be applied to this study to provide more 
detailed insight into the effect of temperature on A. nitida and A. l. lutescens, and their egg parasitoid, 
Anastatus sp. Increasing the number of test temperatures used in the study of A. nitida and A. l. 
lutescens development around the developmental optima for each species would provide more precise 
estimates of the respective thermal constants, and increase the accuracy of the lower threshold 
temperatures and possibly allow a prediction of an upper threshold temperature for each species’ 
development using a non-linear model (Bergant & Trdan 2006). This would allow predictions of the 
potential distributions of fruitspotting bugs under different climatic variables to be made. It would also 
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be prudent to conduct further research on the effect of temperature on the development of A. nitida and 
A. l. lutescens to include the response of female fecundity and fitness indicators of newly eclosed 
adults, as this would give a better understanding of the ecology of fruitspotting bugs for potential 
integrated pest management strategies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  65 
Chapter 5: Field assessment of Anastatus sp. (Hymenoptera: Eupelmidae) as a biological control 
agent for Amblypelta nitida Stål and A. lutescens lutescens Distant (Hemiptera: Coreidae)  
 
Introduction 
Fruitspotting bugs, Amblypelta nitida Stål and A. lutescens lutescens Distant (Hemiptera: Coreidae), are 
endemic to parts of Australia’s eastern coastline, with some outlying populations across the northern 
coastal areas of Australia (Ironside 1978). They are major pests of approximately a dozen horticultural 
crops in Australia, including avocado, macadamia, custard apple, papaya, cashew, cocoa, durian, 
guava, kiwifruit, lychee, low-chill stonefruit and persimmon (Fay et al. 2009), and minor pests of many 
more. Both A. nitida and A. l. lutescens feed on flowers and fruit, while A. l. lutescens is also known to 
feed on the terminal growth of papaya, mango, cashew and macadamia trees (Fay 2002). In addition to 
the affected crop species, fruitspotting bugs have been recorded on numerous other native and exotic 
plant species (Waite & Huwer 1998), and it has been suggested that fruitspotting bug infestations in 
crops originate in non-crop vegetation adjacent to the crop (Fay & De Faveri 1997). One of the reasons 
that fruitspotting bugs are so difficult to control is that they are able to inflict high levels of damage 
within crops at very low population densities. 
 
No biological control program has ever been implemented for fruitspotting bugs in Australia, and 
management of fruitspotting bugs to date has relied heavily on applications of insecticides within 
affected crops. The hymenopteran egg parasitoid, Anastatus sp. (Hymenoptera: Eupelmidae) was one 
of three parasitoids collected in 1992 from eggs of A. l. lutescens in north Queensland (Fay & Huwer 
1993). Based on high parasitism rates in preliminary glasshouse trials and the fact that the generalist 
species could be reared through alternative hosts, it is considered to a have potential as a biological 
control agent for fruitspotting bugs (Fay & De Faveri 1997). In 2010 BioResources Pty. Ltd. in 
Samford began mass-rearing Anastatus sp., collected from northern Queensland, using sterile Chinese 
oak silkmoth eggs, Antheraea pernyi Guérin-Méneville (Lepidoptera: Saturniidae) as a factitious host. 
 
In China, a congeneric, A. japonicus Ashmead, has been deployed as a biological control agent of the 
lychee stink bug, Tessaratoma papillosa Drury (Hemiptera: Pentatomidae), in lychee and longan 
orchards since the 1960s (Chen et al. 1990; Han et al. 1999; He et al. 2001). Anastatus japonicus are 
mass-reared in China using either sterile A. pernyi eggs (Han et al. 2004; Li et al. 2014) or artificial 
eggs (Liu et al. 1986) as the host. A. japonicus is also purportedly found attacking several species of 
Hemiptera and Lepidoptera in Thailand, Japan, Vietnam and Burma (Li et al. 2014), however, most of 
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these studies are written in languages other than English and so it is difficult to corroborate. Field trials 
conducted in China have demonstrated that A. japonicus has effective dispersal abilities (Xie et al. 
2007). A review on ‘biological control of lychee pests in China’, written in English, focuses largely on 
A. japonicus as a biological control agent of T. papillosa (Li et al. 2014). Details on the life cycle, 
fecundity, overwintering behaviour, dispersal capability and host selection methods of A. japonicus are 
included, as well as methods for its mass rearing and release. The challenges and constraints of a 
greater adoption of A. japonicus in China for biological control of T. papillosa in lychee orchards are 
also discussed.  
 
Preliminary glasshouse releases of Anastatus sp. with sentinel A. l. lutescens eggs suggested that 
Anastatus sp. is more effective at finding sentinel eggs when adult A. l. lutescens were caged nearby 
eggs (Fay & De Faveri 1997). Peñaflor et al. (2011) suggests that generalist egg parasitoids may use 
herbivore-induced plant volatiles for crude host location, after which, at closer proximity host odours 
and oviposition induced cues become important for precise host location. Anastatus japonicus has been 
found to have a strong learning ability for host location using herbivore-induced plant volatiles (Wang 
et al. 2003) and, once in close proximity, will use kairomones from T. papillosa adults or eggs for host 
recognition and acceptance (Liu & Gu 1996). 
 
The main aim of this study was to do an initial field assessment of Anastatus sp. as a potential 
biological control agent of Amblypelta nitida and A. lutescens lutescens in macadamia orchards, to 
assess its dispersal potential and its capacity to parasitise sentinel host eggs. Part of this study also 
investigated if Anastatus sp. shows a preference for eggs of A. nitida or A. l. lutescens in the field, and 
whether levels of egg parasitism by Anastatus sp. are affected by the close proximity of adult bugs.  
 
Materials and methods 
Insects 
Anastatus sp. was originally collected from parasitised A. l. lutescens eggs in coastal areas of northern 
QLD. They were mass-reared on imported sterile Chinese oak silkmoth eggs, Antheraea pernyi Guérin-
Méneville (Lepidoptera: Saturniidae) at BioResources Pty. Ltd. Samford, QLD. Rearing cages 
consisted of wooden, glass-topped boxes (approximately 30 × 40 × 120 cm) with fiberglass mesh sides 
for ventilation. The colony was kept in a temperature controlled room at 25 ± 1°C, 80% RH, 12:12 
(L:D)h and fed honey and a saturated sugar solution.  
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Amblypelta nitida and A. lutescens lutescens cultures were established from adult insects collected in 
northern NSW and northern QLD respectively. The colony of A. nitida was kept at CSIRO Ecosciences 
Precinct, Dutton Park, Brisbane, while the colony of A. l. lutescens was kept at BioResources Pty. Ltd. 
Separate cultures for egg collection were prepared by placing approximately 30 pairs of adults of each 
species into a different wooden-framed cage, described in the methods section of chapter 4. Insects 
were fed commercially sourced green beans (Phaseolus vulgaris L.) that had been washed in detergent 
and then rinsed in tap water. Eggs were removed from the cage by levering them off the fiberglass 
mesh, beans or wooden frame using a small piece of flexible plastic sheet. Eggs were then frozen (-
18°C) in small airtight containers for a maximum of 30 days before use in experiments.  
 
Approximately two days before each trial, A. nitida and A. l. lutescens egg-cards were made by gluing 
either two (for trial 1) or four (for trial 2) previously frozen eggs of one of the species within the 
corrugations of a 3 × 5 cm piece of corrugated cardboard using small drops of water-based latex carpet 
adhesive. Only fruitspotting bug eggs that had been frozen for less than one month were used for egg-
cards, and all eggs were checked under a microscope for cracks before gluing. Acceptance of eggs on 
egg-cards by Anastatus sp. was tested prior to the trials. Sentinel Amblypelta egg-cards were packed 
within airtight bags and put in the freezer until the trial. Sentinel A. pernyi egg-cards, used in trial 1 in 
conjunction with A. nitida and A. l. lutescens egg-cards, contained approximately 50-60 previously 
frozen eggs glued to a 2.5 × 5 cm piece of cardboard. 
 
Trial 1: Dispersal capability, host preference, and field parasitism rates by Anastatus sp.  
Initial assessments of the dispersal capability, host preference and field parasitism rates of Anastatus 
sp. were conducted within a macadamia orchard. The experiment was conducted during the first week 
of May 2012 at a conventionally managed macadamia orchard in Elimbah, QLD, 27° 00’28’’S 
152°57’36’’E, with an elevation of approximately 30 m (Figure 5.1). The orchard is approximately 10 
ha, with trees aging from 11 to 13 years old. This orchard was chosen mainly for the size of its trees, 
which were mature but had not yet spread enough to join at the canopy between rows; the relatively 
low height of the trees meant we could reach the upper part of the tree using an extension pole. Within 
the orchard, trees are planted in eight blocks; trees are spaced 4 m apart with 10 m between rows. 
Pesticides, including Trichlorfon and Beta-cyfluthrin, were applied for fruitspotting bug, green 
vegetable bug, Nezara viridula L. (Hemiptera: Pentatomidae), macadamia flower caterpillar, 
Cryptoblabes hemigypsa Turner (Lepidoptera: Pyralidae), and macadamia nutborer, Cryptophlebia 
ombrodelta Lower (Lepidoptera: Tortricidae), approximately once a month from September to January. 
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Trichogrammatoidea cryptophlebiae Nagaraja (Hymenoptera: Trichogrammatidae) was released in 
November/December as a biological control agent of C. ombrodelta (Huwer et al. 2006). Vegetation 
surrounding the orchard includes several hectares of scrubby vegetation to the northeast, as well as 
some eucalyptus shelterbelts of vegetation to the south. Background levels of Anastatus sp. were 
assumed to be negligible in this region because this species was collected in north Queensland and so 
far has not been found in southeastern Queensland.  
 
The site chosen for the experiment was at the northeast corner of the orchard (Figure 5.1); it consisted 
of 13 rows with approximately 25 trees in each. The design consisted of a central row release of 
Anastatus sp. Sentinel egg-cards of A. nitida and A. l. lutescens were placed on trees in a central 
uniform grid on trees either side of the release row, A. pernyi egg-cards were arranged uniformly on 
trees surrounding this central grid (Figure 5.2).  
 
 
Figure 5.1. Macadamia orchard at Elimbah QLD, used for the preliminary trial. Site used for the 
experiment is outlined in red.  
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Figure 5.2. Experimental design of the experiment, each square within the grid represents a tree within 
the block: R, row (spaced 10 m apart); C, column of trees (spaced 4 m apart); W, wasp release points; 
H-S, sentinel Antheraea pernyi egg-card; H-F, sentinel Amblypelta nitida egg-cards; H-B, sentinel 
Amblypelta lutescens lutescens egg-cards.  
 
Six cards each containing approximately 160 A. pernyi eggs parasitised by Anastatus sp. were stapled 
at head height to leaves of each of the designated trees in the central release row. Egg-cards were 
monitored daily throughout the experiment and Anastatus sp. began to emerge that day and continued 
to do so for approximately 9 days, with emergence rates peaking on the third day and declining rapidly 
thereafter. 
 
Three sentinel A. nitida or A. l. lutescens egg-cards, or one A. pernyi egg-card, were stapled to the 
leaves of each designated tree at approximately head height. Sentinel egg-cards remained in the orchard 
for 5 days. On the fifth day all egg-cards were collected and then examined under the microscope to 
determine levels of predation. They were then placed individually into labeled, ventilated 70 ml plastic 
containers for observation and kept at constant temperature 25 ± 1°C, 80% RH, 12:12 (L:D)h.  
 
A logistic regression was used to analyse the mean number of trees with a presence of egg parasitism 
by Anastatus sp., using species of fruitspotting bug, A. nitida or A. l. lutescens, as the explanatory 
factor.  
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Trial 2: Effect of adult fruitspotting bugs on parasitism of host eggs by Anastatus sp.  
The experiment was conducted during the last week in September 2012 at a macadamia/strawberry 
farm close to the orchard used previously. Temperatures ranged from 10.7 to 31.1°C and there was 
approximately 8 mm of rain during the week of the trial (BOM 2013). The farm is approximately 20 
acres in size, and consists of five macadamia blocks, three at the southern end of the property and two 
at the northeastern corner; the rest of the farm contains strawberries. The composition and timing of 
pesticide applications were the same as the orchard. Trees ranged in age between 10 and 12 years at the 
time of the study and were spaced 5 m apart with 10 m spacing between rows. Vegetation surrounding 
the farm consisted of scrubby eucalypt forest.  
 
Six replicates were positioned within four of the five blocks of macadamia trees (Figure 5.3). Each 
replicate consisted of 45 trees within a 2250 m2 area, with 5 rows and 9 trees in each row. Trees were 
spaced at 5 m intervals within rows and the inter-row was 10 m wide. Rows within the southern part of 
the farm ran east-west, whereas rows in the northeastern most block ran north-south.  
 
 
Figure 5.3. Macadamia orchard at Elimbah QLD, used for the experimental trial. Replicate sites for are 
outlined in red. 
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‘Bug bags’ 
‘Bug bags’ consisting of a lingerie bag (McPhersons Pty. Ltd.) with a cardboard roof stapled into it (to 
keep the bag open) were prepared (Figure 5.4). Two labeled sentinel egg-cards (using A. l. lutescens 
eggs) were stapled onto either side of the bag. An adult male and a female A. l. lutescens were 
introduced into half of the bags and three washed green beans were secured within the ‘roof’ of the bag 
for food. The ‘bug bags’ were positioned in 16 designated trees as shown in Figure 5.5 a and b; eight 
trees supported bags containing a pair of adult A. l. lutescens and eight supported bags to which egg-
cards were attached but they contained no bugs. Two ‘bug bags’ were placed within each designated 
tree, each on opposite sides of the tree facing the inter-row. All bags were hooked onto branches within 
the upper section of the tree (~5 m from the ground) and at least 30 cm into the foliage (5.4).  
 
Anastatus sp. were released in the central tree of the grid of trees (Figure 5.5 a and b.). A ventilated 
container (approximately 40 × 20 × 15 cm) containing between 6,500 and 7,000 A. pernyi eggs glued 
onto cards, (which had begun to emerge the day before), was secured within the main fork of the 
central release tree within each replicate, and the lid removed to allow the wasps to be released. The 
number of released wasps was later calculated using emergence holes as being between 1,200 and 
2,100 per replicate.  
 
Sentinel egg-cards and bug bags were collected five days later and egg-cards were examined under the 
microscope for predation before being placed into individual ventilated containers for observation and 
kept at constant temperature 25 ± 1°C, 80% RH, 12:12 (L:D)h. All eggs were dissected approximately 
one month after the first wasp emerged.  
 
 
Figure 5.4. ‘Bug bags’: each with two sentinel A. l. lutescens egg-cards stapled to either side of the 
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‘roof’. Half of the ‘bug bags’ contained an adult male and female A. l. lutescens as well as three washed 
green beans for food (left). All bags were hooked onto branches within the upper section of the tree and 
at least 30 cm into the foliage (right). 
 
 
Figure 5.5 a, b. The two mirror-imaged replicated experimental designs, three of the six replicates 
were represented by a, the other three by b. Each square represents a tree and the white horizontal 
bands represent the inter-row. W, central wasp release; B+E, Bag containing Amblypelta spp. eggs with 
pair of adult A. l. lutescens; E, Bag containing Amblypelta spp. eggs only.  
 
Egg-cards from the two bug-bags in each tree were pooled for analyses. Additional eggs, laid within 
bug-bags containing a pair of A. l. lutescens adults, were not included in the analyses, regardless of 
whether they were parasitised by Anastatus sp. A logistic regression was used to analyse the mean 
number of trees with a presence of parasitism to sentinel A. l. lutescens egg/s, using distance from the 
release point and the presence of adult bugs in ‘bug bags’ as explanatory factors. 
 
Results 
Trial 1: Dispersal capability, host preference, and field parasitism rates by Anastatus sp.  
Five days after release, eggs parasitised by Anastatus sp. were recovered from 13 of the 54 trees (24%) 
containing sentinel A. nitida or A. l. lutescens egg-cards (Figure 5.6). Eggs parasitised by Anastatus sp. 
were also recovered from 6 of the 168 trees (3.6%) containing sentinel A. pernyi eggs. Whilst it was 
difficult to precisely assess the distance that an individual Anastatus sp. had to travel from its tree of 
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origin to parasitise a sentinel egg, the minimum distance a wasp had to travel to parasitise a sentinel 
egg was 10 m, and the farthest trees that had sentinel egg parasitism were a minimum distance of 60 m 
from the closest point of Anastatus sp. release.  
 
There was no significant difference between the mean number of trees with A. nitida eggs parasitised 
and the number of trees with A. l. lutescens eggs parasitised (DF = 1, P = 0.3431). 
 
 
Figure 5.6. Location of egg parasitism in the dispersal, host preference and field parasitism rate study. 
Each square within the grid represents a tree within the block: R, row (spaced 10 m apart); T, tree 
(spaced 4 m apart); W, wasps released; H-S, sentinel Antheraea pernyi egg-card; H-F, sentinel 
Amblypelta nitida egg-cards; H-B, sentinel Amblypelta lutescens lutescens egg-cards.  
 
Trial 2: Effect of adult fruitspotting bugs on parasistim of host eggs by Anastatus sp.  
Eggs parastised by Anastatus sp. were recovered from 19 of the 96 trees (20%) containing sentinel egg-
cards. Of these 19 trees, 12 had bug bags that contained adult A. l. lutescens as well as their eggs, and 7 
had bug bags that contained Amblypelta spp. eggs only. In only 3 of the 96 trees was parasitism of 
sentinel eggs in both bug bags on opposing sides of the tree recorded.  
 
The mean proportion of trees in which a minimum of one egg on a sentinel egg-card was parasitised by 
Anastatus sp. was significantly affected by distance from the release point (DF = 1, P = 0.0273) (Figure 
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5.7). When trees at all distances from the release tree were included in the analyses, the presence of 
adult A. l. lutescens with sentinel eggs did not significantly affect the mean proportion of trees in which 
parasitism by Anastatus sp. was detected (DF = 1, P = 0.1920), however, when this was analysed for 
each distance separately, it was significant at 10 m (DF = 1, P = 0.0451), though not at 14.5, 20 or 29 
m (Figure 5.8). Sentinel eggs on bug bags that contained adult A. l. lutescens had significantly higher 
rates of parasitism at a distance of 10 m from the release tree.  
 
 
Figure 5.7. Mean proportion (±SE) of trees with sentinel Amblypelta spp. eggs parasitised by 
Anastatus sp. 10, 14.5, 20 and 29 m from the point of release.  
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Figure 5.8. Mean proportion (±SE) of trees with a presence of parasitism to sentinel Amblypelta spp. 
eggs by Anastatus sp., with adult A. l. lutescens (■) and with eggs only (■). Stars (*) indicate a 
significant difference, P < 0.05, at that particular distance, between treatments. 
 
Discussion 
This study was important for the assessment of Anastatus sp. as a potential biological control agent of 
A. nitida and A. l. lutescens because it showed that Anastatus sp. is capable of dispersing relatively long 
distances to locate and parasitise host eggs both within and between rows in macadamia orchards. 
Rates of parasitism of sentinel eggs decreased significantly with increasing distance from the point of 
the release, however, parasitism of sentinel eggs was found in trees at the farthest points in each of the 
two trials, showing that Anastatus sp. is capable of covering large distances within a short amount of 
time.  
 
At 10 m from the point of release, parasitism of sentinel A. l. lutescens eggs by Anastatus sp. was 
greater when eggs were caged with adult bugs, as opposed to solely sentinel eggs; however, at 
distances of 14.5, 20 and 29 m from the point of release there was no difference. The lack of effect at 
these further distances may have been due to the lower parasitism rates, or because potential cues used 
by Anastatus sp. associated with A. l. lutescens adults are only used at close range. Whilst these results 
are mixed and it is inconclusive whether levels of egg parasitism by Anastatus sp. are affected by the 
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close proximity of adult fruitspotting bugs, there is enough evidence that this hypothesis requires 
further testing. If this hypothesis were true, mass release programs for biological control of 
fruitspotting bugs using Anastatus sp. may benefit by using lures based on semiochemicals produced 
by A. l. lutescens to increase parasitism rates of eggs in the field.  
 
The search cues used by Anastatus sp. to locate sentinel Amblypelta spp. eggs are unclear, however, 
there may be some degree of learning involved, meaning that after an individual Anastatus sp. locates a 
sentinel egg-card and parasitises its first egg it may then learn to search for these same cues. Chi et al. 
(2007) found that the search time for A. japonicus females (reared through alternate hosts) was 
significantly less for ‘experienced’ individuals as opposed to ‘naïve’ individuals, in terms of previous 
exposure to host eggs.   
 
If Anastatus sp. are used commercially for biological control of A. nitida and A. l. lutescens in 
macadamia orchards, releases are more likely to be done within vegetation adjacent to the crop instead 
of within the crop itself. This is because releasing Anastatus sp. within adjacent vegetation is more 
likely to target fruitspotting bug breeding populations that are thought to reside there, and will also 
avoid the detrimental impacts of pesticide sprays on Anastatus sp. within the crop. Evaluation of 
Anastatus sp. as a biological control agent of A. nitida and A. l. lutescens in macadamia orchards will 
rely on alternative indicators of their population, such as records of nut damage over several seasons or 
records of pheromone-trap catches (once these become commercially available).  
 
This is the first experimental field release of Anastatus sp. as a potential biological control agent for A. 
nitida and A. l. lutescens in macadamia orchards so there are many questions still to be answered. Of 
great importance is the clarification of plants listed by Waite and Huwer (1998) as either primary hosts 
that are capable of supporting breeding populations of A. nitida and A. l. lutescens from egg to adult, or 
as incidental hosts. This will aid monitoring efforts for fruitspotting bugs and enable better targeting of 
Anastatus sp. releases. More research is also needed on the biology and ecology of Anastatus sp., as 
well as the taxonomy of the genus Anastatus within Australia.      
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Chapter 6: General discussion 
 
This thesis contributes to a greater body of knowledge on Australian fruitspotting bugs, Amblypelta 
nitida Stål and A. lutescens lutescens Distant (Hemiptera: Coreidae), including fundamental 
information on the effects of temperature on development and mortality of the two species and the egg 
parasitoid, Anastatus sp. (Hymenoptera: Eupelmidae) (a potential biological control agent for 
fruitspotting bugs). Findings on two potential biologically based management strategies for 
fruitspotting bugs were presented: 1) habitat management for conservation biological control within 
macadamia orchards and 2) initial field assessment of Anastatus sp. as a biological control agent of A. 
nitida and A. l. lutescens. This thesis adds insight into the complexity of fruitspotting bug management 
in Australian macadamia orchards, and offers practical management options to macadamia growers that 
can be implemented to reduce pest pressure in general within orchards.  
 
Chapter 1 provides a general introduction to the Australian macadamia industry and the phenology of 
macadamia trees, while chapter 2 comprehensively reviews the current knowledge on the biology and 
ecology of Australian fruitspotting bugs, A. nitida and A. l. lutescens, as pests of numerous Australian 
tropical and subtropical horticultural crops. This synthesis and publication of the available literature on 
Australian fruitspotting bugs is important as this has not been done previously and much of the 
information that was included was previously inaccessible and disparate. These two initial chapters 
provide a platform of knowledge that sets the scene for the following three experimental chapters. 
 
Chapter 3 explores the theory of habitat management for biological control in macadamia orchards. 
Two contrasting habitat management practices, ‘light’ orchards, with open mid-row canopies and a 
diverse mix of resident flowering ground cover vegetation, and ‘dark’ orchards, with closed mid-row 
canopies and no ground cover vegetation, were compared in terms of the effects on i) the abundance 
and diversity of pest and beneficial arthropod populations, ii) levels of nut damage by A. nitida and iii) 
predation of sentinel A. nitida eggs. Sampling of invertebrates from both mid-rows and tree canopies 
showed that ‘light’ orchard conditions with flowering mid-row ground cover harboured higher numbers 
of beneficial invertebrates, and lower numbers of pest invertebrates, than ‘dark’ orchard conditions. 
Similarly, in ‘light’ orchard conditions the nut crop suffered less A. nitida feeding damage and trees 
retained more nuts until harvest. The contribution of predation to the natural suppression of 
fruitspotting bug populations has not been explored previously. This work showed that estimated 
predation of sentinel A. nitida eggs was highly variable both between and within orchards and over 
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time, but that it could reach levels as high as 60% in experimental cohorts. The average predation rate 
of exposed eggs was 32%. The identities of the predators responsible for the consumption of the 
sentinel A. nitida eggs is unknown and there was no correlation between the increased abundance and 
diversity of beneficial invertebrates in ‘light’ orchards and predation of sentinel eggs. One possible 
reason for this is that the beneficial invertebrates responsible for the predation of A. nitida eggs were 
not picked up using the sampling method employed in the study; it is possible that larger invertebrates 
were responsible for the predation of A. nitida eggs.   
 
Chapter 4 is a study on the effects of rearing temperatures on the development and survival of A. nitida 
and A. l. lutescens and their egg parasitoid, Anastatus sp. (Hymenoptera: Eupelmidae). Six constant 
temperatures between 10 and 35°C were used to investigate the immature development and survival of 
A. nitida and A. l. lutescens, while six temperatures within a more limited range (17.5-30°C) were used 
to investigate the immature development of Anastatus sp.. Amblypelta nitida and A. l. lutescens 
completed egg to adult development at only 20, 25 and 30°C, with respective mean development times 
of 87, 64 and 29 days for A. nitida and 93, 65 and 31 days for A. l. lutescens. Lower developmental 
threshold temperatures and estimated degree-day requirements for development above this threshold 
were 11.3°C and 420.2 degree-days for A. nitida and 14.1°C and 403.2 degree-days for A. l. lutescens. 
Anastatus sp. was able to complete development at all six study temperatures, with development times 
decreasing from 54 to 16 days at 17.5 through to 30°C. The lower developmental threshold temperature 
for Anastatus sp. was 15.0°C and the number of degree-days for development above this threshold was 
estimated as 233.7. This information will enable a better understanding of the effects of environmental 
conditions on fruitspotting bug population dynamics. For example, it will enable predictions to be made 
on fruitspotting bug nymph or adult occurrence based on egg sampling, expected peak population times 
and expected number of generations per year; these will aid growers and crop consultants to more 
effectively time the implementation of control strategies. The work could also contribute to the 
improvement of Anastatus sp. mass rearing procedures and help in defining strategies for effective 
releases of Anastatus sp. for fruitspotting bug biological control.  
 
The use of a biological control agent to target the egg stage of A. nitida and A. l. lutescens has been 
anticipated within affected industries (especially within organic sectors) since the recovery of a suite of 
parasitoids from eggs of A. l. lutescens in 1992. After initial evaluation of Anastatus sp. as a biological 
control agent of A. l. lutescens, Fay & De Faveri (1997) concluded that there was potential for future 
integration of the parasitoid into the affected crops pending a successful mass-rearing program in 
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Australia and further research. In 2010, mass rearing of Anastatus sp., using the factitious host 
Antheraea pernyi Guérin-Méneville (Lepidoptera: Saturniidae) began at BioResources Pty. Ltd. in 
Samford, Queensland; this allowed larger field releases to be conducted. The two field releases 
presented in chapter 5 showed that Anastatus sp. is capable of considerable local movement to locate 
and parasitise sentinel host eggs placed a low density within macadamia orchards. In both experiments, 
parasitised sentinel eggs were recovered from trees furthest from the release points; in the central row 
release trial this was 60 m from the nearest release point. In a central point release trial, parasitised 
sentinel eggs were recovered from trees at all distances from the release points (10, 14.5, 20 and 29 m), 
though, as would be expected, the parasitism rate decreased with distance. At 10 m from the release 
point, parasitised sentinel eggs were recovered from 37% of the trees; at this distance, Anastatus sp. 
parasitism rates were higher in the presence of A. l. lutescens adults.  This finding needs further testing 
to be conclusive, however, if levels of egg parasitism by Anastatus sp. are affected by the close 
proximity of adult fruitspotting bugs, this could be exploited for biological control programs of 
fruitspotting bugs using Anastatus sp. in the field.  
 
Chapters 3 and 5 provide evidence that there is a place for biologically based management of 
fruitspotting bugs within the Australian macadamia industry, both via habitat management and via 
releases of Anastatus sp. as a biological control agent. Increasing light penetration through orchard 
canopies and the provision of a diverse mix of flowering mid-row ground cover vegetation for 
beneficial invertebrates is a practical step that growers can take towards decreasing pest damage, 
including that caused by fruitspotting bugs. Macadamia orchards that are adjacent to sources of 
breeding populations of fruitspotting bugs are the most likely to benefit from strategic releases of 
Anastatus sp.. At this time, BioResources Pty. Ltd. is still developing the mass-rearing program for 
Anastatus sp., however, regular supplies of the parasitoid are sent to several growers for release and 
subsequent monitoring of fruitspotting bug damage. The evaluation of Anastatus sp. as a biological 
control agent for fruitspotting bugs will take several years of regular releases and subsequent 
monitoring at orchards with known history of fruitspotting bug damage.  
 
Biologically based management techniques should always be used in conjunction with monitoring tools 
that help predict population estimates of fruitspotting bugs. For example, a synthetic lure based on 
volatiles emitted by male A. l. lutescens has recently been developed (see Chapter 2) and can be used to 
provide more reliable and standardised population estimates of fruitspotting bugs than the highly 
variable but commonly used measures of feeding damage. No such lure has been developed for A. 
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nitida but there is ongoing research for the development of this tool.  
 
The Australian macadamia industry is well aware of its need to reduce reliance on chemical 
insecticides. It is aware of the risks associated with being highly reliant on a select few insecticides 
after the recent ban of endosulfan, which was a commonly used compound to control fruitspotting bugs 
(Australian Pesticides and Veterinary Medicines Authority 2012). It is also aware of the increasing 
public scrutiny and accountability it receives as a result of the increased peri-urban settlement in 
macadamia growing regions. Hence, the Australian macadamia industry has focused research efforts on 
methods to move away from the sole use of chemical insecticides for the control of fruitspotting bugs 
and other insect pests, and is investing in research for pest management techniques that lie within an 
integrated pest management framework; this thesis contributes to this long-term goal.  
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Appendices 
Appendix 1. Mean percentage cover of ground-cover plant species at orchard 1 (% ± SE). Asterisk 
denotes that the species was in flower at the time of sampling. 
 
 
Family Species Oct Nov Dec Jan 
Acanthaceae      
 Brunoniella 
australis 
0.11 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 
Amaranthaceae     	
 Amaranthus 
spinosus 
0.00 (±0.00) 0.14 (±0.00) 0.00 (±0.00) 0.28 (±0.00) 
* 
Apiaceae      
 Cyclospermum 
leptophyllum 
1.08 (±0.01) 0.97 (±0.01) 
* 
0.74 (±0.00) 
* 
0.00 (±0.00) 
 Hydrocotyle 
peduncularis 
0.00 (±0.00) 0.14 (±0.00) 0.14 (±0.00) 0.28 (±0.00) 
Asteraceae      
 Ageratum 
houstonianum 
0.69 (±0.01) 
* 
0.00 (±0.00) 0.56 (±0.01) 0.42 (±0.00) 
 Bidens pilosa 10.14 (±0.02) 
* 
3.75 (±0.01) 
* 
5.42 (±0.02) 
* 
2.50 (±0.00) 
 Cirsium vulgare 0.00 (±0.00) 0.00 (±0.00) 0.02 (±0.00) 0.00 (±0.00) 
 Hypochaeris 
radicata 
0.00 (±0.00) 0.42 (±0.00) 0.56 (±0.01) 0.00 (±0.00) 
 Taraxacum 
officinale 
0.22 (±0.00) 0.28 (±0.00) 0.15 (±0.00) 0.00 (±0.00) 
Caryophyllaceae     	
 Cerastium 
glomeratum 
1.08 (±0.00) 
* 
0.00 (±0.00) 0.45 (±0.00) 
* 
0.56 (±0.00) 
 Drymaria 
cordata 
4.58 (±0.01) 
* 
4.72 (±0.01) 
* 
6.82 (±0.01) 
* 
3.75 (±0.00) 
Commelinaceae     	
 Commelina 
cyanea 
2.75 (±0.01) 
* 
0.56 (±0.01) 0.00 (±0.00) 0.00 (±0.00) 
 Tradescantia 
fluminensis 
0.42 (±0.00) 0.56 (±0.02) 
* 
9.44 (±0.02) 
* 
5.28 (±0.02) 
* 
Cyperaceae      
 Cyperus 
sphaeroideus 
0.83 (±0.01) 
* 
0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 
 Cyperus 
brevifolius 
0.00 (±0.00) 1.53 (±0.01) 
* 
0.57 (±0.01) 
* 
0.42 (±0.00) 
* 
Fabaceae      
 Arachis pinto 0.00 (±0.00) 0.00 (±0.00) 0.60 (±0.01) 0.00 (±0.00) 
 Desmodium 
intortum 
0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 0.14 (±0.00) 
 Glycine 
tomentella 
0.00 (±0.00) 0.28 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 
 Trifolium repens 
and Trifolium 
semipilosum 
0.89 (±0.01) 
* 
1.81 (±0.01) 
* 
0.90 (±0.01) 0.28 (±0.00) 
Malvaceae      
 Modiola 
caroliniana 
0.33 (±0.00) 
* 
0.28 (±0.00) 0.34 (±0.00) 0.28 (±0.00) 
 Sida 
rhombifolia 
0.78 (±0.01) 0.28 (±0.00) 
* 
0.42 (±0.00) 
* 
0.83 (±0.00) 
Oxalidaceae      
 Oxalis 
corniculata 
1.19 (±0.00) 1.67 (±0.00) 0.74 (±0.00) 0.42 (±0.00) 
Plantaginaceae     	
 Plantago 
lanceolata 
0.44 (±0.00) 
* 
0.14 (±0.00) 0.32 (±0.00) 
* 
0.00 (±0.00) 
Poaceae      
 Grass spp. 38.14 (±0.09) 46.11 (±0.02) 41.00 (±0.05) 37.50 (±0.06) 
 Oplismenus 0.00 (±0.00) 0.00 (±0.00) 0.02 (±0.00) 0.00 (±0.00) 
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Appendix 2. Mean percentage cover of ground-cover plant species at orchard 2 (% ± SE). Asterisk 
denotes that the species was in flower at the time of sampling. 
 
Family Species Oct Nov Dec  Jan 
Amaranthaceae      
 Amaranthus 
spinosus 
0.14 (±0.00) * 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 
Apiaceae      
 Cyclospermum 
leptophyllum 
0.00 (±0.00) 0.56 (±0.01) 
* 
0.42 (±0.00)  0.00 (±0.00) 
Asteraceae      
 Bidens pilosa 6.67 (±0.05) * 7.36 (±0.06) 
* 
4.03 (±0.04) * 6.67 (±0.07) 
* 
 Cirsium 
vulgare 
0.00 (±0.00) 0.83 (±0.00) 0.14 (±0.00) 0.28 (±0.00) 
 Conyza sp. 0.00 (±0.00) 0.28 (±0.00) 
* 
0.00 (±0.00) 0.00 (±0.00) 
 Taraxacum 
officinale 
0.42 (±0.00) 0.00 (±0.00) 0.14 (±0.00) 0.00 (±0.00) 
Caryophyllaceae      
 Cerastium 
glomeratum 
0.42 (±0.00) * 0.42 (±0.00) 
* 
0.28 (±0.00) 0.56 (±0.01) 
 Drymaria 
cordata 
0.14 (±0.00) 0.14 (±0.00) 0.14 (±0.00) 0.00 (±0.00) 
Commelinaceae      
 Tradescantia 
afluminensis 
0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 0.28 (±0.00) 
Cyperaceae      
 Cyperus 
brevifolius 
0.00 (±0.00) 0.69 (±0.01) 
* 
0.97 (±0.00) * 0.28 (±0.00) 
* 
Fabaceae      
 Arachis pinto 11.25 (±0.02) 
* 
12.50 
(±0.04) * 
15.42 (±0.05) 
* 
15.00 
(±0.02) * 
 Trifolium 
repens and 
Trifolium 
semipilosum 
0.14 (±0.00) 0.97 (±0.01) 
* 
0.83 (±0.01) * 0.69 (±0.01) 
 Vicia sativa 0.00 (±0.00) 0.14 (±0.00) 
* 
0.00 (±0.00) 0.00 (±0.00) 
Malvaceae      
 Modiola 
caroliniana 
0.28 (±0.00) * 0.28 (±0.00) 
* 
0.56 (±0.01) 0.69 (±0.01) 
 Sida 
rhombifolia 
0.00 (±0.00) 0.14 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 
Oxalidaceae      
 Oxalis 
corniculata 
0.00 (±0.00) 0.00 (±0.00) 0.56 (±0.00) 0.14 (±0.00) 
Plantaginaceae      
 Plantago 
lanceolata 
0.28 (±0.00) 0.42 (±0.00) 
* 
0.56 (±0.00) * 0.28 (±0.00) 
* 
 Veronica 
filiformis 
0.28 (±0.00) * 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 
Poaceae      
 Grass spp.  51.81 (±0.06) 58.19 
(±0.06) 
57.64 (±0.08) 58.06 
(±0.07) 
 Oplismenus 
aemulus 
0.14 (±0.00) 0.42 (±0.00) 0.14 (±0.00) 0.00 (±0.00) 
Polygonaceae      
 Rumex 
brownii  
0.00 (±0.00) 0.28 (±0.00) 
* 
0.00 (±0.00) 0.00 (±0.00) 
 Rumex crispus 0.00 (±0.00) 0.14 (±0.00) 0.00 (±0.00) 0.28 (±0.00) 
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Appendix 3. Mean maximum and minimum monthly temperature (ºC) and relative humidity (%) in ‘light’ and ‘dark’ sites during the 
sampling period (± SE). 
Month Maximum temperature (°C) Minimum temperature (°C) Maximum relative humidity (%) Minimum relative humidity (%) 
Light Dark Light Dark Light Dark Light Dark 
October 24.5 (± 0.5) 21.6 (± 0.3) 14.3 (± 0.3) 13.9 (± 0.3) 98.8 (± 0.3) 95.2 (± 1.2) 69.9 (± 2.3) 66.6 (± 1.9) 
November 29.6 (± 0.6) 26.4 (± 0.3) 17.9 (± 0.2) 18.0 (± 0.2) 98.0 (± 0.4) 97.7 (± 0.4) 64.6 (± 1.8) 68.9 (± 1.6) 
December 26.0 (± 0.5) 23.5 (± 0.3) 16.2 (± 0.2) 16.5 (± 0.2) 98.5 (± 0.4) 97.5 (± 0.5) 71.8 (± 1.6) 74.2 (± 1.5) 
January 27.8 (± 0.6) 25.3 (± 0.4) 19.1 (± 0.3) 19.0 (± 0.2) 99.4 (± 0.2) 98.2 (± 0.5) 79.8 (± 2.4) 76.5 (± 2.3) 
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Appendix 4. Mean number of ‘beneficial’ and ‘pest’ invertebrates collected per site from tree canopies and mid-rows in ‘light’ and ‘dark’ 
sites (± SE). 
 
 
 
 
 
 
 
 
  Tree canopy Mid-row 
 Invertebrate group Light Dark Light Dark 
 
 
 
 
Beneficials 
parasitoids 6.917 (±0.93) 3.792 (±0.86) 86.208 (±10.23) 3.792 (±1.25) 
spiders 
     web-building spiders 
     active-hunting spiders 
10.417 (±1.07) 
6.000 (±0.86) 
3.042 (±0.44) 
7.583 (±0.84) 
6.042 (±0.74) 
0.792 (±0.19) 
38.000 (±3.07) 
18.417 (±2.41) 
3.958 (±0.95) 
4.833 (±1.29) 
2.125 (±0.69) 
0.292 (±0.11) 
Carabidae (Coleoptera) 0.000 (±0.00) 0.083 (±0.06) 0.042 (±0.04) 0.000 (±0.00) 
Staphylinidae (Coleoptera) 0.000 (±0.00) 0.000 (±0.00) 0.167 (±0.08) 0.042 (±0.04) 
C. montrouzieri (Coleoptera: Coccinellidae) 0.542 (±0.16) 0.167 (±0.08) 0.208 (±0.08) 0.000 (±0.00) 
ants 1.625 (±0.76) 0.208 (±0.10) 3.375 (±1.16) 0.208 (±0.10) 
Pristhescancus spp. (Hemiptera: Reduviidae) 0.167 (±0.08) 0.583 (±0.27) 2.042 (±0.51) 0.083 (±0.06) 
Brown lacewings (Neuroptera) 2.458 (±0.56) 0.667 (±0.17) 0.958 (±0.32) 0.000 (±0.00) 
Green lacewings (Neuroptera) 0.083 (±0.08) 0.000 (±0.00) 0.042 (±0.04) 0.000 (±0.00) 
 Curculionidae (Coleoptera) 0.042 (±0.04) 0.167 (±0.08) 0.042 (±0.04) 0.000 (±0.00) 
 ‘other lepidoptera’ 0.667 (±0.34) 0.875 (±0.34) 2.250 (±0.46) 0.292 (±0.15) 
 
Pests 
Lace bugs 8.000 (±1.64) 19.417 (±2.62) 1.417 (±0.46) 0.250 (±0.11) 
Leafminers 10.958 (±4.53) 2.583 (±0.95) 0.917 (±0.32) 0.042 (±0.04) 
C. ombrodelta (Lepidoptera: Tortricidae) 0.042 (±0.04) 0.000 (±0.00) 0.000 (±0.00) 0.000 (±0.00) 
M. australis (Coleoptera: Chrysomelidae) 0.042 (±0.04) 0.125 (±0.07) 0.208 (±0.13) 0.000 (±0.00) 
